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PREFACE 
 
 
 
Energy plays a major role in human societies. The supply of 
energy services is also a major contributor to the global and, 
too often, local environmental problems the World is facing. 
According to the International Energy Agency, actions to 
target future CO2 concentrations in atmosphere below either 
550ppm, or even below 450ppm, will have to be primarily 
focused on efficiency. A broader use of renewable, nuclear 
power and perhaps carbon sequestration will also contribute. 
To maintain a viable economic development these actions will 
have to be cost effective while globally reducing all emissions 
and caring about energy and material resources. A systemic 
approach is therefore essential to get a holistic vision, design 
better systems and optimize money and resources utilization. 
 
The ECOS conferences have a long tradition in fostering the 
key aspects and the scientific knowledge that are essential 
for the engineers. The organizers of this 23rd edition are 
proud to acknowledge one of the largest participation ever 
with many original and high quality papers. 
 
Our thanks go to the authors who accepted to travel from all 
continents and meet in Lausanne to present and share their 
scientific contributions. Many thanks also to all reviewers and 
members of the scientific committee who contributed to the 
quality of these proceedings. The conference chairmen are 
also grateful to the local organizing team including in 
particular, Nicolas Borboën, Stina Zufferey, Brigitte Gabioud, 
Yannick Bravo, Suzanne Zahnd and Irène Laroche. Many thanks 
also to the other members of the Industrial Energy Systems 
Laboratory of EPFL, the MEDIACOM EPFL team and the 
sponsors who greatly helped the organization of this fruitful 
event. 
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Ecologic Effect of the Connection of the Coal Fueled 
Steam Unit with the Gas Turbine Installation 
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2. Characteristics of the reference 
unit and its repowering  
2.1. Supercritical coal-fired power plant 
(SCPP) 
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2.2. Multi-fuel hybrid cycle (MFHC) 
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'89:;<=:>  The trend and the increase in global production of petroleum coke are the result of multiple 
and innovative industrial applications. From this point of view and also considering the actual situation 
of the traditional energy reserves worldwide, it is important to conduct studies in this area through the 
analysis of the main components of the plants utilizing this fuel (petroleum coke). The main target of 
this study is to realize a technical evaluation of different variants of the IGCC (Integrated Gasification 
Combined Cycle) technology, using as fuel petroleum coke and coal. The gasification process and the 
combined cycle power plant are analyzed considering their potential of implementation in Brazil. 
K eywords:  Gasification, Integrated Gasification Combined Cycle (IGCC), Petroleum Coke, Coal, 
Carbon Capture Sequestration (CCS), Gasifiers. 
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Nowadays, Integrated Gasification Combined 
Cycle (IGCC) is one of the most important and 
promising clean technologies for power 
generation, when using coal, petroleum coke 
(petcoke) and biomass as energy sources. The 
environmental benefits and the higher energy 
conversion efficiency distinguish this technology 
from the traditional ones. 
 
The IGCC power plants performance is affected 
by different technological and operational aspects, 
e.g. gasifier agent, gasification technology, 
environmental conditions, coal quality and power 
demand. This group of variables conduces 
necessarily to the use of thermodynamic 
simulation tools to analyze the different process 
and equipments used in this technology. In this 
paper the analysis are carried out considering the 
gasifier simulation in the software CSFBM version 
24.9 [1] (Comprehensive Simulator of Fluidized 
and Moving Bed equipment) to determinate the 
synthesis gas (syngas) composition. In a following 
stage, the syngas composition is used in 
GateCycleTM version 5.51 [2] to analyze power 
plant performance. 
 
 
 
The methodology used for thermodynamics 
simulation of IGCC plants, as well the results 
obtained through CSFBM and GateCycle 
interaction, are discussed in this paper. The results 
for gasification process simulation using different 
fuels are also presented. The results of GateCycle 
IGCC model were evaluated considering the 
gasification behavior and the energy efficiency of 
combined cycle. As a preliminary analysis, the 
results were compared with the operating 
parameters of ELCOLGAS Puertollano IGCC 
power plant in Spain. 
 
Nowadays, there is a tendency in using 
thermodynamic simulations to estimate the 
performance of gasification process as a function 
of the available energetic resources, operational 
and environmental conditions. Several commercial 
software can be used to perform these simulations 
[3-4]. Through the integration of the software 
results it is possible to analyze different generation 
capacities, and its behavior under different fuel, 
air, oxygen, nitrogen, steam and water flow rates 
[5]. 
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Initially it will be presented the main 
characteristics of the fuels (coal, petcoke and a 
mix between 50% coal with 50% petcoke) used in 
this analysis. Tables 1, 2 and 3 show the elemental 
fuel analysis that will be considered in the 
gasification technologies simulation [6-7]. 
 
Table 1. CANDIOTA COAL Elemental fuel analysis [6] 
Ultimate analysis Proximate analysis 
(wt. %) 
Carbon (%) 34.0 Moisture (%) 15.0 
Hydrogen (%) 2.6 Volatile 16.4 
Nitrogen (%) 0.7 Fixed Carbon  24.4 
Oxygen (%) 8.5 Ash (%) 44.2 
Sulphur (%) 1.2   
Ash (%) 53.0   
HHV (MJ/kg) 13.8   
 
Table 2.  PETCOKE Elemental fuel analysis [7] 
Ultimate analysis Proximate analysis 
(wt. %) 
Carbon (%) 86.3 Moisture (%) 7.0 
Hydrogen (%) 3.5 Volatile 19.2 
Nitrogen (%) 1.6 Fixed Carbon  73.5 
Oxygen (%) 0.5 Ash (%) 0.3 
Sulphur (%) 7.5   
Ash (%) 0.6   
HHV (MJ/kg) 33.6   
 
Table 3.  CANDIOTA COAL / PETCOKE MIXTURE , 
Elemental fuel analysis 
Ultimate analysis Proximate analysis 
(wt. %) 
Carbon (%) 62.5 Moisture (%) 9.2 
Hydrogen (%) 3.0 Volatile 18.6 
Nitrogen (%) 1.1 Fixed Carbon 51.5 
Oxygen (%) 4.5 Ash (%) 20.7 
Sulphur (%) 3.9   
Ash (%) 25.0   
HHV (MJ/kg) 25.1   
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In the Brazilian energy matrix, the coal 
corresponds to only slightly more than 1% of total 
primary energy produced [8]. However, it is the 
most abundant fossil resource in Brazil. 
Considering the estimated reserves it is projected 
that there are sufficient reserves for 200 years of 
supply (against 40 years for oil and 60 years for 
natural gas). 
 
Despite being an abundant resource in Brazil 
(reserves are 32x109 ton [9]), its low quality, due 
to high ash and sulfur contents, and the related 
environmental impacts, makes it underutilized. 
The most important deposits of Brazil are located 
in the states of Rio Grande do Sul, Santa Catarina 
and Paraná. 
 
Coal is classified according to its quality as: peat, 
low-content coal, which is one of the early stages 
of coal with carbon content of around 45%, lignite, 
which features carbon ranging 60% to 75% 
bituminous coal, most used type, due to its 
advantages in the generation of electricity and the 
production of cement, iron and steel, and contains 
between 75% and 85% carbon, and anthracite, the 
purest of coal, containing 90% of coal or higher. 
 
The high ash content of the Brazilian coal can 
influence negatively the performance of a 
generation system based on its combustion [10]. 
For this reason, in many applications, it is 
recommended to mix the coal with petcoke to 
improve the properties of the fuel. 
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Petcoke is a byproduct of the petroleum refining 
industry which has a high calorific value, low cost 
and sulfur content determined by the type of 
petroleum, from which it originates [11].  
 
Due to the increasing quantities of heavy oil that 
are being processed nowadays, the production of 
petcoke is also increasing. The biggest potential of 
petcoke is obtained when it is used in production 
processes for the industrial sector, mainly in 
electricity generation [12] and cement production. 
???????????????????????? ???????????????????????????????
????????? ???????????????
The Brazilian petcoke is produced in parks steel 
and this product is considered as LSC (low sulfur 
content) because it is produced during the 
processing of oil with low sulfur content (0.8% 
sulfur [13]), while some imported petcoke, which 
may come from Venezuelan oil refining, presents 
sulfur content in the order of 3% by weigh [14], 
has a low market value and a great chance of 
becoming an economically viable fuel for thermal 
generation. Therefore, the advantage of using 
petcoke is the possibility of poly-generation when 
it is gasified to produce syngas, that can be burned 
in gas turbines. 
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CSFMB is a comprehensive mathematical model 
and simulation program for bubbling and 
circulating fluidized-bed, as well as downdraft and 
updraft moving-bed equipment. Among these 
equipments, there are furnaces, boilers, gasifiers, 
dryers, and reactors [15]. The proposed model uses 
a circulating fluidized bed as gasifier, this 
technology has been successfully used in many 
fields, including combustion, biomass/coal 
gasification and oil catalytic cracking, which is the 
type that best fits within the possibilities of 
simulation gasifiers in the CSFMB program, 
taking into account the power ranges that they can 
achieve. Figure 1 shows the CSFMB interface, 
where is introduced the stream characterization 
and fuel composition, in wet basis, for proximate 
analysis, and in dry basis, for ultimate analysis. 
The data shown is this figure refers to coal used in 
Candiota, a power station located southern Brazil. 
 
 
F ig. 1.  CSFMB interface 
Nowadays, there are several software available for 
chemical process simulation, such as Chemcad, 
Aspen Hysys and Aspen Plus, which have the 
capability of estimating the final composition of 
syngas, using ideal reactors and the knowledge of 
the initial composition of the fuel. Recently 
simulation schemes with the use of Aspen and 
Fortran were also developed, and are being 
employed in the gasification process, in order to 
analyze commercial gasifiers [4]. Among these 
software one can find CSFBM, which is capable of 
dealing with the major components of a gasifier 
into the model gasification process simulation. 
 
The kinetic parameters for homogeneous 
reactions, illustrated in the equations (1) to (4), 
were identified and specified during the modeling 
and simulation of the gasification process. 
 
 (1) 
 (2) 
 (3) 
? (4) 
 
Among the many reactions involved in the 
gasification process, the main determinants 
parameters of the kinetic coefficient of the most 
important reactions [1] are shown in the Table 4. 
 
Table 4.  Kinetic coefficients 
Reaction rate of reaction (k0,i) 
Circulating 
Fluidized Bed T (K) 
COAL 2.78x103  kmol-1 m3 s-1 1510 
PETCOKE 1.3x1017  kmol-0.75 m2.25 s-1 34740 
MIXTURE 5.159x1013 kmol-1.5 m4.5 K1.5 s-1 3430 
 
On the other hand, due to the complexity of the 
gasification process, this is usually carried out by 
considering the balance of a reactive system under 
reasonable suppositions [16-18], but the various 
gasification technologies employed prevent 
identifying their effects on the composition of the 
gas produced [5]. Even though there are underway 
many research projects and some experiences been 
reported on combined cycle plants around the 
world, still remain uncertainties about some of the 
variables involved in the simulation of the 
gasification processes. 
??????????????????????????????? ????????????????????????
??????????????? ?????????
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Gasification process simulation was carried out 
using different types of fuels (Tables 1 ? 3) and a 
circulating fluid bed as gasifier. Table 5 lists the 
main parameters required by CSFMB software for 
the gasifier simulation using coke as fuel. In the 
tests carried out, the feed mass flow rates, the feed 
gas though distributor (Gasification Agent) and the 
granulometry of the fuel fed to the gasifier were 
modified in order to achieve the conditions above 
the second turbulence limit, allowing for increased 
contact between particles and gases. 
Table 5.  Key input parameters of the gasifier design 
 
 
Figures 2 to 4 show the mass flow (kg/s) gases for 
each kind of fuels presented in Table 6. This table 
described the main compounds in mass percentage 
of the synthesis gas produced from coal, pet coke 
and a mixture or both, using the CSFMB software 
without taking into account the low percentage of 
H2, H2S, NH3 and SO2 compounds. 
Table 6.  Synthesis gas composition 
 COAL PETCOKE MIXTURE 
(50:50w) 
CO2 6.19 3.97 4.07 
CO 13.25 12.85 19.12 
CH4 0.05 0.07 0.04 
H2O 7.58 6.83 6.05 
H2 11.46 12.24 16.08 
N2 59.97 61.95 53.41 
HHV 
(MJ/kg) 3,95 4,30 4,19 
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F ig. 2. Coal Case, Mass flow of gas exiting 
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F ig. 3.  Petcoke Case, Mass flow of gas exiting 
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F ig. 4.  Mixture Case, Mass flow of gas exiting 
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A combined cycle in the generation of energy is 
???????? ??? ????? coexistence of two 
?????????????? ??????? ??? ???? ????? ????????? ????
??????????? ??? ????? ???????? ??? ?????????? ?? ?????
phenomenon with a set of mathematical formulas. 
In addition to imitating processes to see how they 
behave under different conditions, simulations are 
also used to te?????????????????[19]. IGCC systems 
are one of the most efficient technologies to 
produce energy using coal and petcoke as fuel, and 
their efficiency can be as high as 45 to 50%. This 
technology is one of the promising options which 
need to be considered for future power generation 
possibility. Another promising possibility is the 
Carbon Capture Sequestration (CCS), which can 
be integrated to IGCC power plants [20]. 
Currently are efforts related with development and 
demonstrated CCS with IGCC technology were 
originally focussed on improved concepts for coal-
based plants and thus on an alternative to 
conventional steam plants. The experience with 
the demonstration plants in Europe, in the United 
States, and now also in Japan, and the parallel 
development efforts for improved steam power 
plants resulted in a situation where coal-based 
IGCC (see Table 7). This technology is, in one to 
be considered as a commercially available 
technology, and in the order hand still needs 
further reduction in their initial costs to be fully 
competitive [21]. 
 
 
Table 7.  IGCC power plants built, in operation, under 
design, construction or commissioning.  
 Total 
MWel 
Total  
Operational 
MWel 
Operational  
Coal/Petcoke 
IGCC 
Operational 
Oil/heavy 
residues 
IGCC 
Europe 4.170 2.620 35 % 65 % 
Asia/Australia 1.400 1.120 29 % 71 % 
Americas 
USA, Canada 
2.020 960 83 % 17 % 
Total 7.590 4.700 43 % 57 % 
 
From the 7,600 MW of global IGCC power plants 
which have been built or are under design, 
construction and commissioning, 4,700 MW are in 
operation. About 55 % of this operational capacity 
is installed in Europe (Table 7). Next generation 
plants of larger size, where the lessons learned 
from the today operational plants are implemented 
and co-firing of low-cost fuels, wastes or biomass 
is foreseen for reduction of fuel costs and to 
produce green electricity, could pave the way for a 
commercial breakthrough. This is primarily 
expected for IGCC applications with CCS [21]. 
The situation is different for refinery residues 
where, depending on the individual site conditions, 
IGCC can already today be considered as a 
commercially attractive solution for power 
generation, co-generation or co-production of 
power and hydrogen internal use purposes. The 
introduction of IGCC for refinery applications was 
supported by the experience gained with the 
technology from the coal-based plants. 
 
In this paper, the IGCC system simulation was 
conduct using a model developed in GateCycle 
version 5.51 (Figure 5) and syngas composition 
presented in Table 6. The simulation considered 
the ISO standard conditions (1 atm, 15 °C and 60 
?? ???? ???? ???????????? ?????? ???? ??????????
with the information presented in Table 6. This 
model is characterized by the integration of 
thermodynamic cycles, Brayton and Rankine, the 
first of them describes the workings of the gas 
turbine engine (power cycle) and the second 
describes a model of steam operated forward heat 
engine which converts heat into work (steam 
cycle).?
??????????????????????????????? ????????????????????????
??????????????? ?????????
 
F ig. 5.  IGCC power plant scheme modeled on GateCycle 
The models available in GateCycle for equipments 
used in the combined cycle systems (steam and 
gas turbine, evaporators, heat exchanger, HRSG, 
condenser, cooling tower, etc.) taking into account 
operation parameters of the ELCOGAS IGCC 
power plant in Puertollano, Spain. This power 
plant has a successful industrial behavior and has 
been used as standard reference for the study of 
new technologies. Table 6 presents the technical 
description of this power plant [22]. 
 
?????????????? ????????? ?????? ???? ?? ???????????
capacity (182 MW from gas turbine and 135 MW 
from steam turbine). Shell gasification technology 
with pure oxygen is implemented in Puertollano, 
the flow is ascendant and dried fuel is feeded using 
nitrogen. Heat recovery steam generator (HRSG) 
is used to recover heat from exhaust gas turbine 
gases and from cooling process of raw syngas [5]. 
 
In this work, temperature, pressure, clean syngas 
composition, and mass flow are initial parameters 
of the gas turbine equipment, after than combusted 
gases goes to HRSG equipments and steam 
production and heat recovery are estimated. As a 
final point, the electric power generated is 
estimated and efficiency and heat rate is evaluated. 
 
 
 
Table 6.  PUERTOLLANO IGCC technical description 
System Variable Value 
Environmental 
conditions 
Temperature [°C] 15 
Humidity [%] 0.8 
Pressure 1 
Coal 
Flow [kg/s] 29.7 
LHV [kJ/kg] 22550 
Syngas 
Flow [kg/s] 120 
LHV [kJ/kg] 4242 
Gasification 
Island 
High pressure 
recovering 
Temp. [°C] 
In 800 
Out 400 
Middle pressure 
recovering 
Temp. [°C] 
In 400 
Out 235 
High pressure 
steam 
Pressure [bar] 126 
Flow [t/day] 230 
Middle pressure 
steam 
Pressure [bar] 35 
Flow [t/day] 23 
HRSG 
Steam 
High pressure 
[bar] 
127 
Middle 
pressure [bar] 
35 
Low pressure 
[bar] 
6.5 
Exchanger area [m2] 300000 
Combusted gas 
temperature [°C] 
In 535 
Out 103 
Gas turbine 
Power [MW] 182 
Mass flow air [kg/s] 537 
Compression 15:1 
Thermal efficiency [%] 34.6 
???????????????????????? ???????????????????????????????
????????? ???????????????
Steam turbine 
Power [MW] 135 
High pressure 
superheated 
steam 
Pressure [bar] 122 
Temp. [°C] 509 
Reheated steam Pressure [bar] 29 
Temp. [°C] 517 
Air splitter unit Air flow [kg/s] 80 
Combined 
cycle 
Net power [MW] 317.7 
Efficiency [%] 47.44 
Heat Rate [kJ/KWh] 7589 
 
Figures 6 to 8 shows the results obtained for 
simulations of IGCC power plant using syngas 
resultant for different types of fossil fuels. The 
simulations were performed considering Siemens 
V94.3A (1999 GTW) gas turbines, in the power 
plant of Figure 5. 
 
 
F ig. 6.  Combined Cycle Net Power 
 
 
F ig. 7.  Combined Cycle Heat Rate 
 
 
F ig. 8.  Combined Cycle Global E fficiency 
 
 
!"#$%&'()(&*#+,-.*-(&)#/,%#
(0+).0.*-&-(,*#,/#1233#454-.04#
The viability of implementing IGCC technology 
using Brazilian coals or petcoke depends basically 
on the following factors: the initial investment for 
the plant built-up, the investment return and the 
analysis of potential factors that could appear and 
avoid a proper operation of the plant due to the 
low quality of Brazilian coals. 
 
One proposal is to perform the characterization of 
different types of petcoke, its constituents, 
concentrations and volume of production, in a way 
that it is possible to make an effective model of a 
gasification system for specific use of petcoke in 
refineries. Through this thermodynamic modeling 
it is possible to evaluate the technical feasibility of 
the system using pieces of market equipment and 
its implications. Additionally, the modeling allows 
the verification of several possible alternatives 
such as generation of steam, hydrogen production 
and CCS. This modeling will also serve as a basic 
tool to understand the structural theory of the cycle 
that allows the application of exergoeconomic 
optimization techniques and besides it will 
facilitate the economic and financial analysis of 
the entire system. 
 
This type of technology that is being adopted in 
Texaco, Exxon and Shell refineries using General 
Electric gas turbines for ten years, can also be 
applied to cases in Brazilian refineries, such as 
Landulpho Alves refinery (RLAM) located in São 
Francisco do Conde, in the state of Bahia, which 
has a capacity installed of 323 thousand barrels per 
day. The hydrogen produced could be sent to the 
nitrogenous fertilizer plant of Petrobras (FAFEN-
Ba) for the production of ammonia and the CCS 
would be injected into mature oil fields in the 
vicinity. 
 
Other interesting option would be to build a pilot 
plant that can be extremely important for the 
evaluation of the feasibility of the use of 
? ? ? ?? ? ? IGCC, making it possible to 
evaluate the impact of the large amount of ash and 
moisture existing in coal on the fluidized bed and 
to integrate the various components of an IGCC.  
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The pilot plant proposal will allow a better 
?????????????????????????????????????????????????
different characteristics of this technology. For 
example: 
 
? An important alternative to be considered is 
the construction of a raw coal treatment plant, 
making in it a cleaning until it achieves an ash 
content of about 25% becoming a coal of 
better quality, maybe a coal like the Parana or 
Rio Grande do Sul region [23]. Thus, doing 
the use of coal received could result in a gas of 
better quality even when using the air as 
gasifying agent. 
? The use of oxygen as a gasifying agent allows 
generating a fuel gas with better calorific value 
free of particles and tars as a result of high 
operating temperatures and also enables the 
conventional treatment of the gas which is a 
proven technology. The use of oxygen 
improves the efficiency of IGCC power plants. 
? There is also the development of hot gas 
cleaning and that could be used in a 
gasification system to oxygen resulting in a 
good efficiency of this equipment. 
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CSFBM software is an adequate tool for 
gasification process using gasifier type circulating 
fluid bed. It makes possible to estimate 
composition of syngas using different types of 
fuel, highlighting in the obtained results the use of 
petcoke and the mixture coal/petcoke. It is evident 
that the composition of the carbonaceous material 
being fed, such as the technology and the 
parameters of operation influence greatly the 
composition of the syngas obtained from the 
gasification process.  
 
The gasifier model was dimensioned based on the 
gas turbine power requirements of the combined 
cycle, resulting a gasifier with a geometry and a 
design conditions that involve a technical, 
economic and financial assessment, in order to 
determine the feasibility of implementation in 
IGCC systems. In this model was using air as 
gasification agent given that the particle content 
and tar of the syngas resulting is low levels to the 
gasifier type selected. 
In general, the use of air in the gasification process 
is a low cost and can be considered as the most 
economical gasification agents. In addition, used 
mixture of air and oxygen as gasification agent, for 
example, mixtures of 80% oxygen and 20% air, 
can be obtained a decrease in the nitrogen 
percentage present in the syngas, increasing its 
calorific value. 
?
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streams are used in the syngas heat recovery block 
and to consider the feed up gas turbine. In the first 
one, pressure, temperature and mass flow 
information is provide for estimation of heat 
recovery and steam production from the 
gasification island. The second stream is feed with 
information associated to clean syngas 
composition as well pressure, temperature, and 
mass flow. Moreover, the power cycle using 3-
level pressure for determining heat rate and 
efficiency of combined cycle were used to validate 
our thermodynamics simulations. 
?
The IGCC technology has been used 
experimentally by developed countries as a 
consequence of the importance of coal as a fossil 
fuel and the recent concern about the damage to 
the environment by direct combustion of coal. It 
necessary to await a major advance and tends of 
this technology to be less expensive, together with 
new studies and if appropriate, deploy it in Brazil. 
?
Theoretically it is possible the efficient operation 
??? ??? ????? ?????? ???????????? ????? ???? ???? ?????
cost makes it unfeasible for implementation at 
least temporarily the development of this 
technology in Brazil, unless there is a government 
decision to its deployment. Research centers and 
universities, private companies and government 
National, considers important for the development 
of the country the use of Brazilian coal and sets a 
target a larger share of the national energy matrix, 
as suggested methods to use the combustion of 
fossil fuel in fluidized bed reactor and its 
gasification in IGCC. Research experience in this 
area exists, i.e. CIENTEC developed a pilot plant 
???? ??????????? ???? ????????????? ????? ????????????
coals and should be extremely important to use the 
training and experience gained by those involved 
in studies in this area, even if use of imported coal 
for electricity generation always looking to 
minimize our dependence on foreign. 
???????????????????????? ???????????????????????????????
????????? ???????????????
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A Techno-Economic Assessment of an Oxyfuel 
Combustion Retrofit to a Sub-Critical Brown Coal Boiler 
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Abstract:  Oxyfuel combustion is one of the CO2 capture technologies for the capture and storage of 
CO2 from power stations.  A techno-economic analysis has been completed for the retrofit of oxy-fuel 
combustion to a 200 MW brown coal (lignite) boiler.  The existing unit was simulated using Thermoflex 
software and validated against plant performance data.  Oxyfuel components, including the ASU, flue 
gas recirculation, CO2 compression and lignite partial drying were then retrofitted to the validated 
model.  It was then optimised to improve the thermal efficiency and reduce the energy penalty. The 
overall net efficiency of the boiler decreased from 23.1% in the reference plant to 16.4% in the oxyfuel 
retrofit, even though there was an increase in gross efficiency from 24.6% to 28.8% which was due in 
particular to the partial drying of the lignite.  The cost of CO2 avoidance was calculated to be 
A$45.04/tCO2, based on an IRR of 7% (zero inflation) and a project life of 25 years. 
Keywords:  Oxyfuel, CCS, Lignite 
1 Introduction 
There are three main ways of capturing CO2 from 
lignite fired power stations; pre-combustion 
capture, post combustion capture and oxyfuel 
combustion. With oxyfuel combustion, nearly all 
the CO2 emissions can be captured and 
sequestrated. According to a study done by the 
IPCC in 2005 [1], the cost of electricity generation 
(COE) using post combustion capture for a sub-
critical lignite fired pulverised coal power station 
was $134.12/MWh. The COE using pre-
combustion capture can range between 
$96.04/MWh and $140.50/MWh1. The COE using 
oxyfuel combustion for a lignite fired 300 MW 
power station was $173.40/MWh 2 . This study 
looked at the options for retrofitting oxyfuel 
combustion to existing lignite boilers and takes as 
a case study Unit 7 at International Power 
Hazelwood (IPRH). IPRH is located 150 km east 
of Melbourne in the Latrobe Valley. It comprises 
of 8 similar units with a total net capacity of 
1,541 MW providing 25% of Victoria’s base load 
generation. IPRH emits approximately 17 million 
????????????????????????????????????????????????????????????
1
 From a total of 11 studies carried out on Bituminous 
coal fired power stations 
2
 Converted from 2005 values in USD to Australian 
Dollars in 2009 using a CERA factor of 1.405 and 
Exchange Rate of 0.79 USD/AUD for all three capture 
technologies?
tonnes of CO2 annually [2]. Unit 7 was chosen for 
the study as it had the most recent performance 
test results and calculations available. This work 
was part of a joint research project between the 
Victorian Government’s Energy Technology 
Innovation Strategy (ETIS), Monash University, 
HRL Technology (HRLT) and Latrobe Valley 
Generators on oxyfuel combustion of Victorian 
brown coal”. 
The main difference between air combustion and 
oxyfuel combustion is that coal is burnt in an 
oxygen rich environment instead of air. This 
oxygen is produced using an Air Separation Unit 
(ASU). When coal is combusted in an O2 rich 
environment, the resulting flue gas consist mainly 
of CO2 and H2O. A portion of this flue gas is 
recirculated back in to the boiler (typically 60%) 
to control the flame temperature (caused by high 
levels of O2) and to compensate for the loss in 
volume caused by the removal of nitrogen from 
the air in the ASU. The remaining flue gas is 
cooled, dehydrated, compressed and processed for 
sequestration [3]. In this study, a technical and 
economic evaluation was performed on IPRH 
Unit 7 to determine the effects of retrofitting 
oxyfuel combustion.  
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2 Method 
A schematic of the evaluation process is shown in 
Figure 1. First of all, a model of the existing IPRH 
unit (Figure 2 reference model) was built in 
Thermoflex software [4] using mainly 
performance test results from October 2007. 
Design data were used from the plant manual 
where performance test data were not available. 
During the performance tests, Unit 7 had an 
average gross output of 221.8 MW at an efficiency 
of 24.6%3 (at Valves Wide Open condition). Its 
average net output was 207.1 MW at an efficiency 
of 23.1%. It consumed an average 86.23 kg/s of 
coal at base load operation. The average auxiliary 
power demand was 13.92 MW (6.3% of gross 
output) with the Boiler Feed Pump (BFP), the 
Induced Draft (ID) fan and the pulveriser 
consuming most of this amount of energy (64.6% 
of the auxiliary energy). The average auxiliary 
consumption was 6.27% of the gross output.  
The coal used by Unit 7 during the October 2007 
performance test had an average moisture content 
of 60.67%, which is typical of brown coal from the 
Hazelwood mine. The average carbon and ash 
contents were 26.7% and 0.9%, respectively on an 
as-fired basis. The average calorific value was 
10,440 kJ/kg. This calorific value is very low 
compared to other fuels such as black coal and 
natural gas. The average ambient pressure, 
temperature and relative humidity were measured 
as 1.013 bar, 24.8ºC and 62.5% respectively. The 
average main steam pressure, temperature and 
flow were 97.84 bar, 539.1ºC and 206.7 kg/s, 
respectively. The results calculated from the 
reference model (built using the Thermoflex 
software) were validated by comparing them 
against the performance test results. All important 
temperatures, pressures, outputs and gross and net 
efficiency values calculated from the reference 
model matched within ±0.5% of the average 
performance test results. The coal flow calculated 
from the reference model matched within ±1.0% 
of the average coal flow estimated during the 
performance tests. This shows excellent agreement 
between the reference model and the performance 
test results and gives a very good level of 
confidence in the model predictions of the design 
of the existing unit at IPRH. 
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 All efficiencies, calorific values of fuels are calculated 
on a HHV basis 
 
?
Figure 1: Methodology 
 
The validated reference model was used as the 
basis to build the retrofitted oxyfuel model. The 
Rotary Air Heater (RAH) and the Forced Draft 
(FD) fan were removed from the model. The RAH 
was removed in order to reduce air ingress into the 
unit. The FD fan was no longer required as the O2 
produced in the ASU was at a higher pressure 
(5 bar) than was required in the boiler. Minor 
boiler modifications were required to the furnace 
in order to accommodate oxyfuel combustion. An 
ASU, flue gas compression, cooling and 
dehydration system and the Flue Gas Recycle 
(FGR) fan were added to the model to facilitate 
oxyfuel combustion. The water and the steam 
cycles were left unchanged (Figures 3 and 4).  
Retrofitting oxyfuel combustion had a very high 
energy penalty and therefore, the model was 
optimised by considering the following: 
• the water content of the recirculated flue gas; 
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• the amount of excess oxygen in the flue gas; 
• the lowest permissible boiler outlet 
temperature; 
• the utilisation of waste heat in the flue gas for 
coal drying; 
• the recycle of O2 rich inert gases recovered 
from the flue gas treatment plant to the ASU. 
3 Technical Evaluation 
The difference between recirculating dry flue gas 
and wet flue gas was analysed. In the dry FGR 
scheme, part of the flue gas at the outlet of the coal 
dryer was cooled to 70ºC and the moisture was 
removed by using a shell and tube heat exchanger 
before recirculating the flue gas back to the boiler. 
In wet FGR, the flue gas is recirculated without 
any cooling or dehydration. Dry flue gas recycle 
reduced the net sent out efficiency by 0.4% when 
compared to the wet FGR scenario. In addition to 
lowering the efficiency, extra equipment is 
required to cool the flue gas before re-circulating it 
back in to the boiler. Low grade heat was lost from 
the system in this process due to the cooling of the 
flue gas. Therefore, the wet FGR was determined 
to be the preferred scheme. 
The percentage of oxygen in the flue gas was 
varied between 2% and 6% to analyse the effects 
on net sent out efficiency. Modelling results 
clearly show that the net sent out efficiency 
increases with decreasing levels of oxygen in flue 
gas due to the decreasing energy demand of the 
ASU. Therefore, 2% oxygen was established as 
the minimum amount of excess O2 required in the 
furnace for complete combustion of coal. Other 
studies have used lower levels of excess oxygen in 
flue gas for their analysis [5, 6] and thus 2% may 
be considered as a conservative estimate for this 
study. 
Controlling the boiler exit temperature was a 
critical aspect of the model optimisation process. 
In the reference model, the economiser outlet 
temperature was 350ºC. However, the RAH was 
used to heat the incoming air from ambient to 
125ºC. Therefore, the final flue gas temperature 
after the RAH was 250ºC. In the retrofitted model, 
the RAH was removed from the system as air 
ingress in the RAH diluted the O2 rich stream from 
the ASU. Therefore, in the retrofitted model, the 
boiler exit temperature was controlled to minimise 
waste heat in the system, whilst producing enough 
heat to maintain the design main steam 
temperature and flow. This was done by 
optimising the percentage of flue gas recirculated 
back into the system (the optimum amount of RFG 
was 58% of the flue gas existing the boiler).  
It was concluded that the optimum temperature at 
the boiler exit was 250ºC. With this boiler exit 
temperature, there was still sufficient heat in the 
flue gas for partial coal drying. Temperatures 
above this limit resulted in the generation of waste 
heat, thereby decreasing the overall net sent out 
efficiency. Temperatures below this limit resulted 
in not having enough energy in the system to 
produce the minimum design steam flow of 
207.1 kg/s at 539.1ºC. As all the flue gas at the 
exit of the economiser was used to dry the coal, 
the final flue gas temperature entering the CO2 
treatment plant was reduced to 116.5ºC 
There are two main types of coal dryers. They are 
fluidised bed dryers and entrained flow dryers. 
The fluidised bed drying of coal utilises WTA 
technology provided by RWE Power, but 
unfortunately, specific energy consumption data 
(i.e. kW/tonne of Coal dried etc) were not readily 
available in the literature. Therefore, it was not 
possible to make a clear comparison with the 
entrained flow coal dryer. Modelling results 
showed that there was sufficient heat in the flue 
gas for entrained flow drying as well as for 
fluidised bed drying to dry the coal from 60.7% wt 
to 45% wt moisture levels (45% is the minimum 
limits of the existing pulverising mills). Therefore, 
both types of coal drying are possible at Unit 7. 
However, more design information is required to 
determine which type is the most suitable. 
Entrained flow drying was considered for the 
model as it is the simpler and also likely to have a 
lower capital cost. Results from the model showed 
that the net sent out efficiency increases by 1.2% 
when the raw coal at 60.67% wt moisture is dried 
down to 45% wt.  
The inert gases recovered from CO2 compression 
contained a very high portion of O2 (46.2% of 
oxygen instead of 23% found in ambient air). In 
addition, it was already at a higher pressure than 
required for air separation. Therefore, oxygen 
recovered from the CO2 plant maybe utilised to 
reduce the overall energy consumption of the 
ASU. Modelling results showed that the net sent 
out efficiency increased only by 0.2% when this 
steam was integrated in to the ASU. This was due 
to the low flow rate of inert flue gas. Therefore, 
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this improvement was not included in the technical 
and economic analysis due to the limited impact. 
4 Modelling Results 
In the oxyfuel retrofitted model of Unit 7, the ASU 
(53.1 MW) and the flue gas treatment plant 
(26.5 MW) consumed a total of 79.7 MW. This 
amounted to 35.9% of the gross output. Therefore, 
the net sent out power was significantly reduced to 
126.6 MW. In addition, power was consumed by 
the coal dryer (1.5 MW) and the recirculation fan 
(0.8 MW). The overall net efficiency decreased 
from 23.1% in the reference plant to 16.4% in the 
oxyfuel model even though there was an increase 
in gross efficiency from 24.6% to 28.8% due to the 
optimisation of the model. The results from the 
reference unit and the oxyfuel models are given in 
Table 1. 
 
 
Table 1. Performance Impact of Oxyfuel Combustion 
 
Units Reference Plant Oxyfuel Plant 
Gross Output MW 221.8 221.8 
Net Output MW 207.9 126.6 
Auxiliary Power MW 13.9 95.2 
Coal Flow kg/s 86.2 73.9 
Coal Enthalpy kJ/kg HHV 10,440 10,440 
Plant Gross Efficiency % HHV 24.6 28.8 
Plant Net Efficiency % HHV 23.1 16.4 
Final Flue Gas Temperature ºC 250.0a 116.5b 
Notes: (a) air heater outlet temperature 
   (b) at fuel dryer gas side outlet 
 
5 Economic Evaluation 
The results from the technical analysis were used 
as the basis for the economic evaluation. The 
economic evaluation included estimating the fixed 
capital costs, working capital costs, annual 
operating costs and a cash flow analysis for the life 
of the project. There were six major areas that 
required fixed capital investment. They were: the 
ASU, O2 and CO2 distribution network, the 
cogeneration plant, the coal dryer, and minor 
modifications to the furnace. In addition, 
construction management costs, pre-
commissioning and commissioning costs, support 
services, freight, spare parts, project management 
costs, engineering and procurement, insurance and 
demolition costs were included in the fixed capital 
cost analysis. However, the analysis excluded 
import duties and taxes, regulatory permits, 
operator training and the cost of installing a 
pipeline for natural gas to be transported to 
Morwell from Longford for use in the GTCC. It 
was assumed that the additional equipment would 
be housed on a vacant plot of land near the unit. 
The only major component that requires space is 
the ASU (area of 100 m x 250 m). The first stage 
of compression in the flue gas treatment plant can 
occur near the unit as a compressor does not 
require much space. The flue gas can then be 
delivered to the treatment plant that can be housed 
near the ASU. This arrangement would be even 
more beneficial if multiple units were retrofitted 
with oxyfuel combustion simultaneously. 
The majority of the fixed capital cost data was 
obtained from a study of a plant in the United 
Kingdom (Allam 2005). The fixed capital cost for 
the coal dryer was obtained from the United States 
Department of Energy (DOE) from a 2008 
publication [7]. Therefore, a method was 
developed to convert capital cost data obtained 
from the literature to the equivalent construction 
cost in Morwell in 2009. This conversion was 
done by estimating factors for location, inflation 
and the currency rate of exchange. The location 
factor for Morwell was calculated as 1.04. The 
inflation index was calculated using the 
IHS/CERA Power Capital Costs Index (PCCI). 
According to the PCCI, the fixed capital costs for 
non-nuclear power stations have increased by a 
factor of 1.405 since 2005. All data available in 
US Dollars were converted using the average 
exchange rate during the last five years (between 
2004 and 2008) [8]. The conversion rate used was 
0.79. Therefore, the total estimated fixed capital 
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cost investment was $M 696.33. This is to be 
borrowed during the first year of the construction. 
Working capital was not considered for this study, 
as it was assumed that the ongoing business was 
cash flow positive. 
The operating costs of the oxyfuel plant were 
divided into several categories. They included raw 
materials, process labour, maintenance material 
and staff, insurance, non-manufacturing costs such 
as corporate overheads, R&D and permanent 
engineering staff. It was estimated that 5 operators 
will be required per shift for the oxyfuel plant (5 
shift teams). An additional 6 full time maintenance 
personnel was estimated for the project. During 
major overhauls, 20 contract labour staff was 
estimated for a period of 3 months during the year. 
The cost of this consultation was estimated as 
$250/hr including miscellaneous equipment costs. 
Maintenance spare parts were estimated as 1% of 
material costs as per the literature [9]. Four 
engineers are estimated to be added to the full time 
staff for dealing with issues related to the coal 
dryer, the ASU and the flue gas treatment plant. 
The plant life was assumed as 27 years. This 
included two years for building and 
commissioning the oxyfuel plant. Unit 7 is 
expected to be fully operational during the first 
year while components such as the ASU and the 
GTCC plant are built and 60% operational during 
the second year. The average performance of the 
plant was established using actual plant data. 
National Electric Metering Management Company 
(NEMMCO) data, obtained directly from IPRH, 
showed that the average net sent out power of Unit 
7 between 2005 and 2008 was 186.5 MW with at 
average availability of 90.5% (during base load 
operation). The average coal properties were 
calculated from the monthly coal analysis data for 
2008. The average ambient temperature was 
calculated using the mean daily temperature data 
obtained from the Bureau of Meteorology (BOM) 
for Morwell. The average Cooling Water Inlet 
Temperature (CWIT) was established using plant 
data for 2008. Table 2 summarises the average 
performance parameters used for this study. The 
cash flow analysis was based on the discount rate 
of 7% [10].  
 
Table 2. Unit Annual Reference Performance 
Parameter Units Value 
Net Generation MW 186.50 
Service Hours hours 7,931 
Ambient Temperature 
 
13.58 
Cooling Water Inlet Temperature (CWIT) 
 
25.30 
Coal Properties   
Moisture % ar 60.85 
Carbon % db 67.98 
Ash % db 1.85 
Hydrogen % db 4.82 
Calorific Value kJ/kg HHV 10.40 
Notes: (a) “ar” denotes “as received” 
   (b) “db” denotes “dry basis” 
 
6 Discussion 
Unit 7 HP Turbine was replaced in 2002 and the 
LP Turbine was replaced in 2003. Therefore, data 
from 2004 onwards is representative of the 
average net capacity of this unit . Net sent out 
power data between 2004 and 2008 was chosen to 
establish the average net sent out generation. A 
complete calendar year (2008) was chosen to 
determine the average ambient temperature, 
average CWIT, average coal properties in order to 
account for the effect of the change in climate 
throughout a typical year to the calculations. A 5 
year period was chosen to calculate the 
representative rate of exchange from the US Dollar 
to the Australian Dollar in order to negate the 
??????????????????????????????? ????????????????????????
??????????????? ?????????
effect of short term fluctuations in the exchange 
rate. The number of additional operators, 
maintenance staff, contract labour, labour charge 
rates were determined based on local 
requirements. 
Using these parameters, a cash flow analysis was 
carried out for the life of the project (on a pre-tax 
basis). The discount rate was set at 7% [11]. The 
break-even price of electricity and the cost of CO2 
avoidance was calculated in order to determine the 
economic feasibility of retrofitting of oxyfuel 
combustion to Unit 7. The break-even price of 
electricity and the cost of CO2 avoidance for the 
oxyfuel unit were $103.00/MWh and $45.04/tCO2 
respectively. For Unit 7, the annual sent out 
generation was 1,480,463 MWh4. However, with 
the oxyfuel unit, only 903,144 MWh was 
generated due to the additional energy demand of 
the oxyfuel components. This is a reduction in 
40% of revenue. 
In reality, oxyfuel combustion would be retrofitted 
to a larger plant or multiple units simultaneously. 
This would allow the purchase a larger ASU and 
CO2 plant. They would also be able to utilise the 
same distribution system of CO2 and O2. In 
addition, operating, maintenance and contract 
labour, engineering staff etc would be shared for 
both units, thereby reducing the cost per unit.  
If there were to be a significant breakthrough in 
ASU and CO2 compression technology, thereby 
halving the energy penalty of the two processes 
from 79.7 MW to 39.9 MW, net sent out 
generation of the oxyfuel plant will increase to 
153.68 MW .The breakeven price of electricity 
would only be $77.08/MWh. The cost of CO2 
avoidance would be $35.64/tCO2. 
The cost of CO2 storage was not considered in the 
estimation of the break-even price of electricity 
and the cost of CO2 avoidance. If considered, the 
cost of CO2 storage can have a significant impact 
on the break-even price of electricity and the cost 
of CO2 avoidance. Results in Table 3 show that the 
break-even price of electricity can increase by 
more than 60%, if the cost of CO2 storage was to 
be $40/tCO2. The cost of avoidance can increase 
by more than 80%, if the cost of CO2 were to be 
$40/tCO2.  
????????????????????????????????????????????????????????????
4
 Current annual generation of Unit 7 at IPRH 
Table 3. Effect of the Cost of CO2 Capture and 
Storage 
Cost of Capture 
($/tonne) 
Oxyfuel Plant 
$/MWh $/t CO2 
0 103.00 45.04 
20 140.82 67.93 
40 178.64 90.81 
 
If retrofitting oxyfuel combustion is determined 
infeasible due to the high economic risk factor that 
would result in borrowing large sums of money for 
capital expenditure, a power station would be able 
to reduce its greenhouse gas emissions by 
replacing the coal fired unit with a larger GTCC 
with the same net sent out capacity of 186.5 MW. 
In this scenario, the break-even electricity would 
only be $62.25/MWh and the cost of CO2 
avoidance would be only $24.79/tCO2. This is a 
very competitive option for the avoidance of CO2. 
A summary of the capital and operating costs, the 
break-even price of electricity and the cost of CO2 
avoidance is provided in Table 4. 
7 Conclusions 
In conclusion, the break-even electricity cost of 
retrofitting oxyfuel combustion to Unit 7 is 
$103.00/MWh and the cost of CO2 avoidance is 
$45.04/tCO2  According to a study done by the 
IPCC in 2005 [1], the cost of electricity generation 
(COE) using post combustion capture for a sub-
critical lignite fired pulverised coal power station 
was $134.12/MWh 5 . Therefore, the cost of 
retrofitting oxyfuel combustion to a lignite-fire 
power station is comparable to post combustion 
capture. Retrofitting oxyfuel combustion becomes 
even more feasible in countries such as Denmark 
where the current electricity price is approximately 
3.1 times higher than electricity prices in 
Australia. A significant reduction in the energy 
cost for oxygen production and CO2 compression 
and separation to a technological breakthrough 
would further increase the competitiveness of 
retrofitting oxyfuel combustion to current lignite 
fired power stations in Australia. 
 
????????????????????????????????????????????????????????????
5
 Converted from 2005 values in USD to Australian 
Dollars in 2009 using a CERA factor of 1.405 and 
Exchange Rate of 0.79 USD/AUD 
???????????????????????? ???????????????????????????????
????????? ???????????????
 Table 4. Oxyfuel Economic Results 
  Units Reference Plant Oxyfuel Plant GTCC only 
Fixed Capital $M 200 696.33 548.82 
Working Capital $M - - - 
Start-up Capital $M - 35.31 21.98 
Operating Costs $M/y 26.01 30.12 56.72a 
Break-Even Electricity Price $/MWh 28.56 103.00 62.25 
Cost of CO2 Avoidance $/tCO2 - 45.04 24.79 
Notes: (a) higher operating cost is due to the high cost of natural gas 
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Abstract: Integrated Gasification Combined Cycle (IGCC) is a technology that allows for the use of 
coal for electricity production while maintaining low pollutants emissions to the atmosphere and 
relatively high efficiency of electricity production. In these systems fuel is gasified in gas generator, and 
obtained gas, after purification, supplies gas turbine combustion chamber. In the paper gasification 
process and gas generators, with special attention to entrained flow gasifiers, are briefly described. 
The most important parameters allowing for the evaluation of the efficiency of gasification reactors is 
presented. The main objective of the present study was to build a simple model of an entrained flow 
gasifier fuelled with coal. As gasifying factors high purity oxygen and water vapour were used. The 
model was build in the commercial Aspen Plus package, for the steady state conditions. The 
composition and parameters of raw gas obtained from the simulations showed good agreement with 
the literature data, what allows for a positive assessment of the verification of the proposed numerical 
model. A sensitivity analysis of the impact of the gasification process parameters (e.g. oxidants flows 
and pressures) on the composition of the obtained gas and on the efficiency of gasification was 
performed. 
Keywords:  Coal gasification, Gasifier, Numerical modelling, Aspen Plus. 
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2. Coal gasification process and 
gasifiers 
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3. Effectiveness of gasification 
process 
??? ?????? ??? ???????? ?????????? ?????????????
????????????? ???????? ??????????? ???? ??????????
??????? ??????????? ???? ???????????? ???? ??? ????? ???
???? ??????? ??? ????? ???????????? ?????? ???????????
???? ??????? ??? ??????? ????? ???????? ??? ??????????
????????????????????????????????????????????????????
??????????????????????????????
cc
gg
LHVB
LHVB
?
?
??? ?? ????
???????
?B? ?? ?B? ?? ????? ??????? ??? ????????? ????? ???? ????
????????????????????????????????????????????????????
???? ?? gLHV ? ?? ?????? ???????? ?????? ??? ????? ????
?????????????????????????????????
????? ?????? ???? ????? ??? ??????????? ?????? ??? ????
????????????????????????????
???? ?????? ??? ??????? ??????????? ???????? ??? ????
??????????????????????????????????????????????????
??????????????????????????????????
4. Model description and verification 
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Fig. 1. Scheme of the simplified gasifier model. 
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Table 1. Comparison of the literature data and results 
of simulations concerning syngas parameters 
and composition.  
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Fig. 2. Scheme of the extended gasifier model, S – 
splitter, M - mixer. 
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Table 2. Coal composition (dry basis). 
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Table 3. Parameters of the gasifying factors. 
Oxygen 
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5.1. Effect of gasification pressure on 
composition and parameters of the 
obtained raw syngas 
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Fig 2. Effect of gasification pressure on the composition 
of the obtained raw gas. 
5.2. Effect of gasification temperature on  
composition and parameters of the 
obtained raw syngas 
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Fig. 3. Effect of gasification temperature on the 
composition of the obtained raw gas. 
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5.3. Effect of oxygen to coal stream ratio 
on composition and parameters of the 
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Fig. 4. Effect of oxygen to fuel stream ratio on the 
composition of the obtained raw gas. 
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5.4. Effect of moisture content in coal on  
composition and parameters of the 
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Fig. 5. Effect of moisture content in coal on the 
composition of the obtained raw gas. 
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Analysing the Potential for CCS within the European Pulp 
and Paper Industry 
Johanna Jönssona, Thore Berntssona 
a Heat and Power Technology, Energy and Environment, Gothenburg, Sweden 
Abstract:  In this paper an approach for analysing the potential for implementation of different 
technology pathways for the European pulp and paper industry (PPI) is presented. The approach 
assumes previous, detailed, research and is based on bottom-up thinking whilst still estimating the 
potential on a European level. The usefulness of the approach is exemplified by applying it to a study 
of the potential for introduction of carbon capture and storage (CCS) within the European PPI. The 
results from the case study show that if CCS is to be introduced in large scale within the European PPI, 
biomass-based emissions must be included when planning for the future CCS infrastructure.   
Keywords:  Pulp and paper industry, technology pathways, process integration, CCS. 
1. Introduction 
For the kraft pulp and paper industry (PPI), earlier 
studies have shown that there are many 
technologies and system solutions – hereafter 
denoted technology pathways – which can reduce 
the process steam demand [1], give a steam/heat 
surplus and thus enable production of additional 
value products such as materials, chemicals, 
transport fuels, electricity and/or district heating 
[2]. Another alternative is to integrate carbon 
capture and storage (CCS) by utilizing the 
steam/heat surplus to cover the energy demand in 
the carbon capture processes [3]. However, these 
previous studies are either detailed, on mill level, 
not saying anything about the overall potential, or 
very aggregated, not considering mill-specific 
conditions. Thus to be able to estimate the 
potential for these different technology pathways 
on a European level another approach, connecting 
the results from these detailed studies to the actual 
European PPI stock, is necessary.  
1.1. Aim 
In this paper a systematic approach for analysing 
the potential for different technology pathways 
within the European pulp and paper industry is 
presented. The approach combines the advantages 
of detailed and aggregated approaches and 
assesses the overall potential for the different 
pathways whilst considering important 
characteristics of each mill. Further, the usefulness 
of the approach is illustrated by applying it to a 
study showing the potential for introduction of 
CCS within the European PPI. 
2. Description of methodology 
The suggested approach is based on: 
1. Previous research in the form of model mill studies 
and case studies regarding process steam savings and 
the effect of different technology pathways on the 
energy balance for different types of mills 
2. Technical and geographical data for the European 
pulp and paper industry 
3. Data for the infrastructure surrounding the European 
pulp and paper mills 
4. Previous research regarding the future development 
of the energy market (energy market scenarios) 
Consequently, the approach assumes detailed 
research and is based on bottom-up thinking whilst 
estimating the potential on a European level. An 
overview of the approach is presented in Fig. 1. 
The different parts of the suggested approach are 
described in the subsequent section.  
 
Fig. 1.  An overview of the suggested approach used in 
the research project. 
2.1. The different parts of the approach 
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The approach is carried out stepwise, as 
exemplified by the study of the potential for 
implementation of CCS presented in Section 3. 
The parts of the approach are as follows. 
I: External, infrastructural preconditions  
These are the characteristics of the geographical 
area surrounding the mills, e.g. data for where 
potential CCS storage sites and district heating 
grids are located.   
II: Mill specific data 
Mill-specific data are the characteristics of the 
individual mills constituting the European PPI 
stock. Data included are e.g. technical age of mill 
and specific mill equipment, production, fuel 
usage, process steam demand, CO2 emissions and 
estimates of available amounts of excess heat. 
III: Potential for energy efficiency and 
implementation of new technology 
The potential for energy efficiency and 
implementation of new technology pathways on a 
mill level is based on previous and on-going 
research by others as well as the authors of this 
paper. The results from this part typically show the 
economic performance and impact on global CO2 
emissions for implementation of different 
technology pathways in specific mills.  
A. Technical/infrastructural potential for 
implementation of different technology pathways 
Here mill-specific data for the individual mills are 
connected to the gathered data for the surrounding 
infrastructure. The results from this part show how 
the technical potential for implementation of a 
certain technology is limited (or enhanced) by the 
location of the mill – such as the potential for 
implementation of CCS, exemplified and 
described by the case study in this paper.  
B. Energy consumption and potential for energy 
efficiency and implementation of new technology 
How the existing energy balance of the individual 
mills constituting the European PPI stock can be 
altered is determined by fitting the potential for 
energy savings known for some mills (III) to mill-
specific characteristics. The results from this part 
typically show how the potential for energy 
savings and implementation and integration of 
different technology pathways depends on mill-
specific characteristics such as technical age of 
process equipment and type of production process.  
C. Potential for implementation of different 
technology pathways on a European level 
When the effect on the potential for 
implementation and integration of different 
technology pathways by the surrounding 
infrastructure (A) and the mill characteristics (B) 
has been determined, these two factors are brought 
together and the final, complete potential for 
implementation and integration of different 
technology pathways is estimated for the whole 
European PPI stock.  
Energy market scenarios 
The future economic performance, as well as the 
global emissions of CO2, associated with different 
technology pathways is dependent on the 
development of the energy market. To depict 
different possible future energy market conditions, 
energy market scenarios are used. The scenarios, 
developed by Axelsson and Harvey [4], are based 
on different fossil fuel price levels (low and high) 
and CO2 emission charge levels (low and high) 
combined into different scenarios. A benefit of 
using these scenarios, which reflect the strong 
connection between different energy market 
parameters, is that a packaged sensitivity analysis 
of the energy market prices is conducted.  
The purpose of the presented approach is to 
analyse the potential for, and the effect of, 
implementation of different technology pathways 
within the European PPI. However, due to its 
generality, the approach can also be applied to 
other energy-intensive industry branches. 
3. Applying the approach: potential 
for CCS within the European PPI 
The usefulness of the approach is exemplified by a 
study assessing the technical/infrastructural 
potential for CCS within the European PPI. The 
assessment is based on the current constitution of 
the European PPI. 
3.1 Introduction: CCS in the PPI 
From the year 2013, CO2 capture, transport and 
storage installations will be incorporated in the EU 
ETS. A fundamental assumption for the study 
presented in this paper is that all CO2 is considered 
equal. This assumption is based on the fact that the 
CO2 has the same effect on the climate regardless 
of origin. Consequently, it is assumed that in 
future policy schemes, captured and stored CO2 
originating from biomass is granted the same 
economic compensation as CO2 originating from 
fossil fuels. The PPI is energy-intensive and has 
large on-site emissions of CO2, so these emissions 
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are associated with only a limited amount of 
geographical sites, i.e. mills. Due to these 
characteristics the PPI, like other energy-intensive 
industry branches [5], is suitable for 
implementation of CCS. Further, since a large 
share of the CO2 emissions associated with the 
European PPI originates from biomass, if CCS is 
implemented the levels of CO2 in the atmosphere 
can be further reduced in comparison to 
implementing CCS only on fossil emission sources  
[3, 6]. Further, the concentration of CO2 in the PPI 
flue gases is comparably high, 13-14%. These 
facts make CCS within the European PPI even 
more interesting. Investments in CO2 capture 
technologies are associated with high capital costs. 
Also, for post-combustion with chemical 
absorption the energy cost for capture is 50-70% 
of the total cost and thus cannot be neglected [3]. 
Hence, for CO2 capture to be economically and 
technically realistic the source of CO2 needs to be 
large enough and the energy demand of the 
capture process should preferably be possible to 
integrate (partly) with other processes at the 
capture site. The potential for heat integration [3] 
is another reason why CCS is of interest also for 
the PPI, although it is the power sector with its 
coal power plants that is the largest industrial 
emitter of CO2 in Europe [5]. Previous research 
regarding the PPI has shown that process steam 
savings can be made and used for thermal 
integration of a CCS unit, lowering the capture 
cost and making CCS profitable [3]. Previous 
research has also shown that compared to other 
alternatives for harnessing surplus steam, CCS 
gives much larger reductions of global CO2 
emissions and is economically comparable to more 
proven technology alternatives – such as increased 
electricity production in condensing turbines – if 
the CO2 charge is high [2].    
3.2 Methodology and approach 
Related to the approach described in Section 3 and 
Fig. 1, the case study assumes mill-specific data 
(II) and external, infrastructural preconditions (I) 
to estimate the technical/infrastructural potential 
for implementation of a technology pathway (A), 
in this case CCS. In the case study, the mill-
specific data used are CO2 emissions for each mill, 
both emissions from fossil fuels and emissions 
from biomass, and the geographical position of 
each mill described by coordinates. The external, 
infrastructural preconditions are the coordinates 
for other energy-intensive industries and potential 
CO2 storage places. The study also assumes levels 
for potential integration based on knowledge from 
previous research (III).  
The potential capture sources have been identified 
and the potential for CO2 capture has been 
estimated through the following steps (following 
the methodology used in a similar study of the 
potential for CO2 capture in other energy-intensive 
industries, [5]):  
Size of capture sources considered: It is generally 
assumed that only very large point sources are 
suitable for CCS (>0.5MtCO2/yr, [5]). However, 
for the PPI, due to the potential for integration and 
utilisation of excess heat in the capture process [3] 
it has been assumed that reasonable economy can 
be gained also for smaller point sources if the 
transport and storage infrastructure is in place. 
Thus, in this case study two alternative sizes for 
point sources have been included:  >0.1 MtCO2/yr 
and >0.5 MtCO2/yr.  
Sub-sector specific conditions: CO2 capture is not 
equally applicable in all manufacturing processes, 
and the prospects for capturing depend on the 
production processes at the different mills. The 
kraft PPI has large on-site emissions of CO2 due to 
the burning of black liquor in the recovery boiler. 
The mechanical PPI and the paper mills based 
mainly on recycled fibers (RCF) generally have 
lower on-site emissions. For the mechanical PPI 
this is due to the high use of electricity in the 
mechanical pulping processes and the fact that a 
major part of the electricity can be recovered as 
steam and used to cover the mill steam demand. 
For the paper mills without virgin pulp production, 
based solely on bought pulp and RCF/DIP, the 
lower on-site emissions of CO2 are due to the 
lower primary energy demand (owing to the lack 
of virgin pulp production) and due to the fact that 
some of these mills buy their steam from power 
plants or other industries located in close 
proximity to the mills (this does not lower the 
emissions associated with the production, but it 
shifts the emissions from the PPI to another 
industry branch, often the power sector).  
Plant-specific conditions: At a pulp and paper 
plant the total of CO2 emissions is a sum of some 
emission sources, mainly different boilers. 
However, the flue gas streams differ somewhat 
with respect to their suitability for CO2 capture. 
E.g., for the kraft PPI some almost pure CO2 
streams can be recovered if the lime kiln is rebuilt 
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or black liquor gasification (BLG) is introduced. 
However, these technologies are not yet 
implemented. Further, another plant-specific 
condition is the possibility to thermally integrate 
the capture process. The potential for integration 
depends on the process layout of the different 
mills – e.g. kraft pulp mills and pure TMP pulp 
and paper mills can have a “true” steam surplus, 
whereas integrated kraft pulp and paper mills and 
paper mills without virgin pulp production usually 
cannot and thus need to import external fuel to 
cover the heat demand for the capture process.  
Capture technology: Since the main source of CO2 
from the pulp and paper industry is boiler flue 
gases, there are in principle three different capture 
technology options: post-combustion, pre-
combustion and oxy-combustion. In this study, 
post-combustion using chemical absorption is 
considered since it is the only technique not 
requiring any reconstruction of the boilers [3]. The 
absorbent assumed is MEA1 with which a capture 
rate of 90% can be achieved. Technical and 
economic data for the technology are based on 
previous work by Hector et al. [3]. 
Geographical distribution of emissions: One way 
of limiting the cost of CCS is to create capture 
clusters in regions with several emission sources 
located near each other. In this way the transport 
network can be integrated and thus benefit from 
economy of scale. In this case study, the mills and 
their emissions are mapped using a GIS 
programme (ArcGIS). The positions of the mills 
are then related to the geographical position of 
other energy-intensive industries (in this case iron 
and steel mills, cement plants and refineries) and 
potential storage places for CO2 through geospatial 
analysis.  
The mapping of the emissions from other heavy 
industries in relation to potential storage places has 
been done by fellow researchers within the 
Pathways project, Johan Rootzén et al. [5]. The 
information was collected and stored in Chalmers’ 
industry database (Chalmers IN db), a sub-
database to the Chalmers energy infrastructure 
database which has been designed to cover both 
the supply side and the demand side of the 
European energy systems [7]. The Chalmers 
industry database was also used as one of the 
                                                     
1 Chilled ammonia is an interesting alternative absorbent; however, it 
has been less investigated and is thus excluded in this paper. 
sources of data for this study (as part of I, 
indicated in Fig. 1). 
3.3. Input data and system boundaries 
The European pulp and paper industry has been 
defined as mills located in the countries that are 
included in CEPI [8], i.e. the countries in Europe 
with the highest density of pulp and paper 
industry. However, the European PPI is currently 
in a situation where many (small) less profitable 
mills are decommissioned [9]. Thus, not all of the 
mills in production today will still be in production 
at the time when CCS will be commercially 
available. To account for this fact, a selection of 
mills to include in the study was done together 
with PPI consultants from Pöyry. Thereby 171 
mills were selected and included, based on their 
competitive strength and size. Hence, this case 
study includes 50 kraft pulp and/or paper mills, 45 
mechanical pulp and paper mills, and 76 paper 
mills without any virgin pulp production (having 
only bought pulp and/or RCF/DIP). Data for the 
included mills are presented in Table 1. Due to the 
large amount of mills included in the study, the 
data are presented in aggregated form. As can be 
seen in the table, a large share of the CEPI pulp 
production and a fair share of CEPI paper 
production are covered by the included mills. 
Table 1.  Data for the mills included in the case study. 
Type of mill1 Kraft Mechanical Paper 
 
Market 
pulp 
Pulp & 
Paper 
Pulp & 
Paper 
 
Mills [No.] 21 29 45 76 
Pulp cap. [kADt/yr] 9 9552 12 3202 12 0953 14 775 
Paper cap. [t/yr] - 16 131 22 132 27 169 
CEPI total pulp cap.4 11 573 14 305 14 686 - 
CEPI total paper cap.4   102 570 
1 Kraft refers to mills that have the kraft process; they may also have other pulp 
production, e.g. CTMP. Mechanical refers to mills that have some mechanical 
pulping process (TMP, CTMP, GW/PGW or RMP). They may also use other 
pulps in the process such as RCF/DIP or bought kraft pulp. The paper mills have 
no pulp production from virgin pulp; they only use RCF/DIP and/or bought pulp. 
2 Including only kraft pulp produced on site. If all pulp produced on site is 
included, the numbers are 10 040 and 13 935 kADt/yr respectively. 
3 Including only mechanical pulp. If both mechanical pulp and RCF/DIP are 
included, the figure is 17 420 kADt/yr. 
4 Figures from [9] referring to the year 2007. 
3.4. CO2 emissions from the European PPI 
The amounts of on-site CO2 emissions from the 
pulp and paper mills included in this study are 
presented in Table 2. For comparison, the total on-
site emissions of CO2 for all CEPI mills are also 
included [9]. The fossil CO2 emissions were 
gathered from the Chalmers industry database, 
which in turn bases its data mainly on the 
Community Independent Transaction Log (CITL) 
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but also the European Pollutant Emission Register 
and the IEA GHG CO2 Emissions database (for 
more details see [5]). The biomass-based CO2 
emissions, on the other hand, are not reported 
centrally, either for the EU or by CEPI. Thus, 
these emissions were gathered by screening 
national statistics, sustainability reports, annual 
reports and web pages for all of the mills included 
in the study. However, numbers for biomass-based 
CO2 emissions were mostly not clearly stated and 
the data were compiled using the following 
hierarchy of information source/data:  
1. Data on biomass-based CO2 emissions were 
posted clearly either in sustainability reports or 
in industry statistical publications.  
2. Data regarding biomass usage (in MWh or TJ) 
was posted clearly. Biomass-based CO2 
emissions were then calculated based on an 
emission factor of 346 kgCO2/MWh.  
3. Data regarding percentage of biomass usage in 
relation to total fuel usage were posted clearly. 
In these cases the fossil fuel usage was 
calculated in MWh based on emission factors 
for fossil fuels and the known fossil CO2 
emissions for the mill. The biomass-based CO2 
emissions could then be calculated following 
the procedure in item 2 above. 
4. Information stated that all use of fuel was 
fossil-based or that the steam used was bought 
from a neighbouring industry. For these cases 
the biomass-based CO2 emissions were set to 0. 
5. No energy or emissions-related information for 
biomass could be found. For these cases the 
biomass-based emissions were set to 0 except if 
the mill has kraft pulp production. For the case 
of kraft pulp production, the biomass-based 
CO2 emissions were calculated in relation to 
the kraft pulp production.  
As can be seen in Table 2 almost all, 95%, of the 
CO2 emissions originating from biomass and a fair 
amount of the fossil CO2 emissions, 47%, are 
covered in the study. This means that a total of 
77% of the CEPI CO2 emissions are included in 
this study. The reason why the share of fossil 
emissions included is smaller than the share of 
biomass-based emissions is that many small South 
European paper mills, using mainly fossil fuels for 
their energy needs, were excluded from the study 
due to their small size (only paper mills with a 
production capacity of >200 kt paper/yr were 
included).  
Table 2. CO2 emissions for the mills included in the 
study compared to CEPI total emissions. 
Type of mill Kraft Mechanical Paper 
 
Market 
pulp 
Pulp & 
Paper 
Pulp & Paper 
 
Mills [No.] 21 29 431 702 
Fossil CO2 [kt/yr] 1 391 3 164 4 759 9 420 
Bio CO2 [kt/yr] 24 308 30 775 5 524 2 217 
Total CO2 [kt/yr] 25 699 33 940 10 283 11 637 
CEPI total fossil3    39 605 
CEPI total bio4    66 113 
1 For 2 mills no data could be found in either E-PRTR registers or web pages. 
2 For 6 mills no data could be found in either E-PRTR registers or web pages. 
3 Figures from [9] referring to the year 2006. 
4 Based on the figures for biomass utilization as part of the primary energy 
demand from [9] and calculated assuming CO2 emission of 346 kg/MWh. 
The geographical distribution of the PPI’s total 
CO2 emissions is shown in Fig. 2. As can be seen, 
the regions with the highest emissions are located 
around the Baltic Sea (in Sweden and Finland), in 
the south of Spain and in the middle of Portugal. 
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Fig. 2.  The geographical distribution of on-site CO2 
emissions from the European PPI. The coloured 
squares represent individual mills (emitting 
>0.1 MtCO2/yr). Regions coloured in blue have 
a high density of emissions; the darker the 
colour, the higher the emissions.  
3.5. The role of CCS within the 
European PPI 
Today, CCS is not a commercial technology and 
the necessary infrastructure for both transport and 
storage is neither in place nor definitely planned. It 
is thus hard to predict which plants will have the 
most favourable preconditions for implementing 
CCS. However, a reasonable approach is to 
assume that infrastructure is most likely to be 
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developed first in proximity to sites with many 
large point sources, hereafter denoted capture 
clusters. Depending on how the biomass-based 
CO2 is viewed from a mitigation point of view, it 
can also be assumed that infrastructure will first be 
built around large fossil point sources or around 
large point sources regardless of the emissions 
origin. Further, it is reasonable to assume that 
mills with larger emissions will have a larger 
potential for profitable introduction of CCS than 
sites with small emissions. When using post-
combustion chemical absorption with MEA as the 
absorbent as assumed in this study, there is an 
additional thermal energy demand for regeneration 
of the MEA and an electricity demand for 
compression of the CO2. According to literature 
these numbers can vary. In this study, 2880 
kJ/kgCO2 is assumed for regeneration and 0.13 
MWh/ton for the compression [3]. It should be 
noted that the additional CO2 emissions originating 
from fuel demand for regeneration also are 
captured. As previously stated in this paper, the 
thermal energy demand can be partly covered by 
making steam savings and integrating the capture 
process to the mill. Based on these assumptions, a 
matrix was constructed containing six different 
future cases for implementation of CCS in the 
European PPI and two different cases for the 
potential for heat integration; see Table 3.  
Fossil capture clusters [5]
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Table 3. The six different future cases considered for 
implementation of CCS and integration of 
capture process energy demand. 
Case 
description 
Capture 
done by all 
included 
mills 
Capture done 
only by mills 
in capture 
clusters 
Capture done 
only by mills in 
fossil capture 
clusters 
Mills with 
emissions >0.1 
MtCO2/yr  
A1 A2 A3 
Mills with 
emissions >0.5 
MtCO2/yr 
B1 B2 B3 
Case for heat integration potential Not possible2 Possible1 
 I II 
1 The potential for heat integration is based on knowledge from previous and 
ongoing research and estimated as: 2.5 GJ/ADt for kraft pulp mills, 2.0 GJ/ADt 
for integrated kraft pulp and paper mills, and 0.5 GJ/t for mechanical pulp and 
paper mills. For pure paper mills no integration possibilities have been 
considered. 
2 The whole energy demand of the capture process is assumed to be supplied 
with additional external fuel. 
 
The geographical positioning of the pulp and paper 
mills included in this study in relation to the 
geographical positioning of other energy-intensive 
industries, capture clusters and potential storage 
sites is displayed in Fig. 3. 
 
Capture clusters if both fossil and biomass emissions are included [5]
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Fig. 3.  The geographical distribution of pulp and paper 
mills emitting more than 0.1 Mt CO2/yr in 
relation to other large industrial point sources 
>0.5 Mt CO2/yr. Possible capture cluster areas 
are represented by coloured squares (150x150 
km); the orange squares represent clusters with 
more than 2 industries which together emit 
more than 5 MtCO2/yr and the yellow and grey 
clusters emit more than 1 MtCO2/yr. The 
underlying map and the data for other heavy 
industries were compiled by Johan Rootzén [5]. 
As can be seen in Fig. 3, most of the large emitting 
kraft pulp and paper mills are located on the 
eastern coast of Sweden and in Finland, far away 
from most of the fossil capture clusters created by 
other energy-intensive industries. The most 
beneficial geographical positions are held by paper 
mills in central Europe; they have much smaller 
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on-site emissions than the kraft PPI but, as can be 
seen in the figure, they are located in or near fossil 
capture clusters created by other energy-intensive 
industries and near the potential storage sites in the 
North-Sea (in this study storage in closed aquifers 
is assumed, mineralization of the CO2 could be 
another option, however that technology need a 
major breakthrough before being possible to 
commercialize in large scale and is thus not 
considered here). However, if including both fossil 
and biomass-based emissions, a much larger share 
of the European PPI is positioned in capture 
clusters. Regarding the distribution between large 
emitters and small emitters amongst the mills 
included in the study, it can be seen in Fig. 4 that a 
third of the mills (the ones with emissions >0.5 
Mt/yr) stands for 75% of the emissions. This third 
is constituted by all of the kraft mills included, one 
mechanical mill and one paper mill. Further, from 
Fig. 4 it can be seen that if CCS is to be 
implemented for large point sources only within 
the European PPI, the captured CO2 will originate 
almost solely from biomass. 
?
??
??
???
???
???
?
??
??
??
??
???
???
?
??
??
??
??
??
???
?
?
???
?
??
??
???????????????????????????
???????????????????????
?????????????????
?????????? ????
 
Fig. 4.  The distribution of included emissions divided 
by size and origin along with the potential for 
captured CO2 emissions for the six studied 
capture cases presented in Table 3.  
As can be seen in Figs. 3 and 4, if CCS is to be 
introduced in large scale in order to reach large 
CO2 emission reductions within the European PPI, 
the emission-intensive Scandinavian kraft PPI 
must be included in such a capture scheme.  If 
only emissions from the mills located in fossil-
based capture clusters are included (A3 and B3), 
the capture potential is reduced by 44-50 
MtCO2/yr compared to including mills in both 
fossil- and biomass-based capture clusters (A2 and 
B2). Fig. 5 shows the additional fuel and 
electricity demand for the different capture cases 
presented in Table 3 and Fig. 4. The additional 
fuel used has been assumed to be biomass. As can 
be seen in the figure, the fuel demand can be 
reduced by ~30% if a part of the capture process 
energy demand can be supplied by heat integration 
to the mill processes.  
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Fig. 5.  The fuel and electricity demand for the studied 
cases with and without potential for heat integration.  
4. Concluding discussion 
The aim of the study presented in this paper was to 
develop and present a systematic, stepwise 
approach for analysing the potential for different 
technology pathways within the European pulp 
and paper industry. The approach is based on 
detailed technical research and aggregates the 
knowledge from previous studies to incorporate 
the whole European PPI. Thus, the potential for 
different technology pathways can be estimated on 
a European level whilst still considering the 
characteristics of the individual mills. In order to 
exemplify the usefulness of the presented 
approach, it was applied to a study investigating 
the potential for introduction of CCS within the 
European PPI. Emphasis was placed on a selection 
of large and competitive mills with promising 
potentials for CCS. Together the studied mills emit 
82 MtCO2/yr (if emissions from both biomass and 
fossil fuels are included), which can be compared 
to the total (fossil) CO2 emissions included in the 
energy-intensive industries part of EU ETS of 600 
MtCO2/yr [5] (excluding the power and heat 
sector). The amount of CO2 that can be captured 
depends heavily on the expansion of infrastructure. 
The results show that 10-99 MtCO2/yr can be 
avoided depending on the assumptions regarding 
the transport and storage infrastructure (including 
both original emissions and additional emissions 
from the fuel demand of the capture process, of 
which 7-72 MtCO2/yr are original on-site 
emissions). If steam savings enable parts of the 
capture process energy demand to be integrated, 
the total fuel demand can be reduced by ~30%. 
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Further, the results from the case study show that 
when adding the PPI capture potential to the 
potential for CCS within other energy-intensive 
industries, the majority of the PPI emissions 
originate from kraft pulp and paper mills far away 
from other energy-intensive industries and 
potential fossil capture clusters. Thus, to reach 
large emission reductions, also large biomass-
based point sources of CO2 emissions need to be 
included when planning for CCS infrastructure. As 
previously stated by Rootzén et al. [5], the best 
match between carbon dioxide sources and 
potential storage places is located in the regions 
bordering the North Sea. This statement makes the 
paper mills in central Europe most suitable for 
CCS; however, these mills generally have much 
lower on-site emissions than the Scandinavian 
kraft pulp and paper mills. For the mills (and other 
emissions sources) bordering the Baltic Sea, 
storage in closed aquifers close to Gotland might 
be possible, however, this needs further 
investigation. In this study the emissions from the 
power sector are not included. If these emissions 
were included, central Europe would have an even 
larger density of fossil CO2 emissions. It should 
thus be further investigated whether the biomass-
based capture clusters in Scandinavia are large 
enough to motivate the needed infrastructure. All 
in all, it can be concluded that the presented 
approach works well for the suggested purpose 
and that it should also be applicable for analysis of 
other technology pathways in order to get a more 
complete picture regarding the possibilities for 
future development of the European PPI. 
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Abstract:  An Aspen Plus® simulation of an existing power station with a potassium carbonate based 
carbon capture (CCS) plant including CO2 compression is combined with an Excel based genetic 
algorithm to optimise the net power output of the power station and amount of CO2 captured for a 
range of solvent flowrates, lean loading and stripper pressures. The net power output was compared 
for a CCS plant that is added to the power station without any heat integration to a system where heat 
integration is maximised by the use of pinch analysis and linear optimisation to calculate the amount of 
steam required to be extracted from the turbine to meet the additional heating requirements of the CCS 
plant. The multi-objective optimisation of the process identified that lean solvent loading and stripper 
pressure will have a large impact on the net power output and amount of CO2 captured.  For 
standalone potassium carbonate solvent systems optimising for the reboiler energy, the stripper 
pressure should be as low as possible.  However when the system is seen coupled with the power 
station the optimal stripper pressure increases, and when heat integration is taken into account, the 
stripper pressure is even higher again. 
Keywords:  Multi-Objective Optimisation, Carbon Capture, Carbonate 
1. Introduction  
Existing coal fired power stations represent an 
estimated 60% of anthropogenic carbon emissions.  
CO2 capture and storage (CCS) from these power 
stations is one of the key technologies required to 
stabilise atmospheric CO2 concentrations, however 
the addition of CCS to existing power plants could 
lead to a reduction in efficiency of 10-15% 
points[1]. 
Potassium carbonate has been used to separate 
acid gases including CO2 in the gas industries for 
over 40 years and is considered to be one of the 
solvents [2, 3] that may be applied to CCS 
projects. The potassium carbonate process has a 
much wider operating range when compared to 
amines as they are not constrained by the 
temperature limits imposed by thermal degradation 
of the amines. With less stringent temperature 
limits the potassium carbonate system has a 
number of variables that can be adjusted over a 
wide range of conditions; these variables will often 
have conflicting affect on the objectives for the 
system.  For example the CO2 stripping can be 
operated under vacuum, which is advantageous for 
potassium carbonate solvents as it lowers the 
reboiler energy and temperature required for 
stripping the CO2 but is a disadvantage in that it 
increases the CO2 compression requirements.   
There are a number of solvent plant variables that 
may be adjusted including; the solvent flowrate, 
lean solvent CO2 loading, rich solvent loading, 
flue gas temperature, column heights, absorber and 
stripper pressure and solution temperatures 
throughout the system.  These variables will have 
different impacts on the operation of the solvent 
plant but also the power station when CCS is 
added. Each project may have many objectives 
including maximising the net power output of the 
power station, minimising the capital costs and 
operating costs, maximising profit and maximising 
the operability, reliability and flexibility of the 
power station. 
The solvent plant is often optimised to reduce the 
amount of thermal energy required to regenerate 
the solvent.  As noted by [4] the primary objective 
for analysing modifications to a solvent plant 
should be the minimisation of the reboiler energy.  
However, this was in relation to MEA systems 
where the reboiler energy is improved by 
increasing the stripper pressure and the stripper 
pressure is limited by thermal degradation of the 
solvent, so the stripper pressure is usually fixed at 
between 200 and 250kPa.  For potassium 
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carbonate solvents where the stripper pressure has 
opposing effects on the energy required for solvent 
regeneration and compression, it is not obvious 
that minimising the reboiler energy requirements 
will lead to the most optimum process.  
With many variables and objectives the use of 
multi-objective optimisation (MOO) should prove 
to be a useful tool for better process design of 
power stations with CCS. In MOO the multiple 
objectives are treated with equal weighting and a 
range of solutions, called the ‘Pareto-optimal’ 
solutions are found which are all non-dominated 
solutions – i.e. there are no other solutions that 
were found that are better in relation to all the 
objectives.  MOO provides a number of solutions 
and therefore options, from which the designer can 
then make the final selection. It may also provide 
insight into what impact the variables have on the 
optimised solution, for example if a variable is 
always at one limit then by increasing this limit the 
overall solution may be improved.  A number of 
algorithms are available for MOO each with their 
own advantages and disadvantages [5]. 
Significant amounts of heat are required for 
solvent regeneration, which generally comes from 
extracting steam from the steam turbine of the 
power station and possibly from excess thermal 
heat in the flue gas.  Pinch analysis [6, 7] can be 
used to provide targets as to the minimum 
additional amount of energy required for a process 
by maximising the use of waste heat in the 
process.  The use of pinch analysis may reduce the 
amount of steam required for the solvent 
regeneration and therefore maximise the power 
output from the power station.   
In this paper three variables will be analysed for a 
potassium carbonate system; the solvent lean 
loading, the solvent flowrate and the stripper 
pressure. The impact of these variables on the 
amount of CO2 captured and the stripper reboiler 
energy will be reviewed and then compared to the 
impact on the net power output of a power station 
with and without maximum heat recovery. 
2. Methodology 
This paper aims to optimise the integration of a 
potassium carbonate solvent system with a brown 
coal fired power station unit.  The example power 
station unit is a subcritical unit with a nominal 
capacity of 200MWe.  The solvent plant is added 
on to the outlet of the existing power station unit 
to capture the CO2 which is compressed to 10MPa. 
The power station unit and solvent plant were 
modelled using Aspen Plus®. A number of cases 
were investigated. The first two cases are to 
determine what the solvent loading and flowrate 
and stripper pressure should be, in order to 
optimise the reboiler energy.  The second two 
cases are to determine whether the optimised 
variables are different when considering the power 
station unit’s net power rather than just the 
reboiler energy requirements. The four cases are 
detailed in sections 2.1-2.4 below.  The MOO 
algorithm used for this analysis is an Excel based 
genetic algorithm based on NSGA-II [8] code 
developed by [9].  The variables are binary and so 
the range and number of bits for each variable 
must be selected for each case.   
The MOO program is used to determine a 
population set of decision variables within the 
range of variables, each set of variables are then 
input into the Aspen Plus® model of the power 
station unit with CCS. The process is simulated 
and the required objectives are determined and 
exported back to the MOO program. The MOO 
program then uses these results to determine a new 
population set of decision variables and continues 
optimising these for a given number of 
generations.  This approach is based on work in 
[10] which uses NSGA-II code written in C++ 
interfaced with HYSYS using Visual Basic.   
2.1 Case 1a/b: Solvent loading and 
flowrate 
For this case the flue gas from the power station 
unit is added directly to the solvent plant at 40°C, 
the lean solvent enters the absorber at 65°C and 
the stripper pressure is fixed at 150kPaa.  The 
column heights are also fixed at 20m and 15m for 
the absorber and stripper respectively.  The 
columns are modelled using the Aspen Plus® Rate 
Based RadFrac column. The range for each of the 
variables for this case and the others are shown in 
Table 1. The objectives for this case are 
maximising the amount of CO2 captured and 
minimising the reboiler energy. 
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Table 1. Variable range and objectives; SF = solvent 
flowrate, SP = stripper pressure, LL= Lean 
Loading. 
2.2 Case 2: Solvent loading, flowrate and 
stripper pressure 
This case is an extension of the first case however 
it includes a third variable; the stripper pressure.  
The rest of the power station unit and solvent plant 
are kept constant like the first case.  The variable 
ranges have also been increased; which are shown 
in Table 1. 
2.3 Case 3: Power station unit’s net 
power output 
The third case uses the same three variables and 
the same ranges, but rather than minimise the 
reboiler energy, the optimisation is to maximise 
the power station unit’s net power output.  The 
unit’s net power is reduced by the addition of the 
CCS plant. The flue gas pressure is increased by 
the use of a fan, the solvent is circulated by pumps 
and the CO2 compressors all require power.  The 
heat for the solvent reboiler is supplied from steam 
extracted from the steam turbine which leads to a 
reduction in the power produced by the power 
station unit. In this case, the steam extraction is 
from an existing bleed point on the exhaust of the 
high-pressure turbine (560kPa / 177°C) and the 
amount of steam that needs to be extracted from 
the turbine is calculated based on the reboiler 
energy demands.  For this paper it is assumed that 
the turbine efficiency is not affected by the 
reduction in steam flow from the turbine. The net 
power produced from the power station unit is 
therefore calculated by the amount of power 
produced by the turbine minus the existing power 
loads and the new power loads caused by the 
addition of CCS. 
2.4 Case 4: Power station unit’s net 
power output with heat integration 
When CCS is added to the power station unit there 
are a number of waste heat sources that are also 
added; the CO2 compressors, the stripper 
condenser and flue gas which should be cooled 
down prior to the solvent plant.  These waste heat 
sources may be able to be utilised elsewhere in the 
power station and the CCS plant to reduce the 
amount of steam that needs to be extracted from 
the turbine and increase the power produced from 
the turbine.   
For this case, after the simulation has solved in 
Aspen Plus® the stream data for all the hot and 
cold streams are automatically extracted from the 
simulation and processed using the pinch analysis 
problem table algorithm.  This calculates the 
deficit of heat in the given process.  The amount of 
steam extracted from the turbine is then calculated 
using a linear programming method detailed in 
[11]. These results are then used to calculate the 
net power output from the power station unit and 
returned to the optimisation program as the 
objective.   
3. Results 
3.1 Case 1a/b: Solvent loading and 
flowrate. 
In this example two different ranges have been 
used for the two decision variables; a tight range 
with solvent lean loading of 0.21-
0.23molCO2/molK2CO3(s) and 2200-2300kg/s of 
lean solvent and a wider range with lean loading of 
0.2-0.3molCO2/molK2CO3(s) and 2000-3000kg/s, 
the Pareto-optimal solutions for these cases are 
shown together in Fig. 1. 
Case 
SF 
(kg/s) 
LL 
(molCO2/ 
molK2CO3) 
SP 
(kPaa) 
Obj.1 Obj.2 
1a 
2200-
2300 
0.21-0.23 150 
CO2 
Capture 
(% CO2)  
Reboiler Energy 
(MJ/kg) 
1b 
2000-
3260 
0.175-0.33 150 
CO2 
Capture 
(% CO2)  
Reboiler Energy 
(MJ/kg) 
2 
1000-
4150 
0.1-0.4 
30-
330 
CO2 
Capture 
(% CO2)  
Reboiler Energy 
(MJ/kg) 
3 
1000-
4150 
0.1-0.4 
30-
330 
CO2 
Capture 
(% CO2)  
Power station 
net power 
(MW) 
4 
1000-
4150 
0.1-0.4 
30-
330 
CO2 
Capture 
(% CO2)  
Power station 
net power 
(MW) 
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 Fig. 1. Pareto-optimal solutions for Case 1a – Tight 
range and Case 1b – Wide range.  
When the tighter range was used, as expected the 
range of CO2 captured is reduced, but the reboiler 
energy for the same amount of CO2 captured was 
increased, compared to when a wider range of 
flowrates and loading were used. Most of the tight 
range results were dominated by the solutions 
from the wider range case (1b), which means that 
most of the solutions for the wider range were 
better than those for the tight range and this 
suggests that it will be important for further 
studies not to limit the range of loadings and 
flowrates.  
There is a near-linear relationship between the 
reboiler energy for the Pareto-optimised solutions 
and the lean solvent loading (refer to Fig. 2). 
However for the wider range, the optimal solution 
for higher reboiler energy and hence higher 
capture rate are approaching the lower limit of the 
lean solvent loading provided 
(0.175molCO2/molK2CO3(s)). 
 
Fig. 2. Impact of the lean solvent loading on the 
reboiler energy. 
An explanation for the solutions from the wider 
range case being superior to the tighter case is that 
the solvent flowrate, especially for the lower 
loadings is limited by the range of solvent 
flowrates as the Pareto-optimal solutions are all 
tending towards the upper bounds of 2300kg/s as 
shown in Fig. 3. Therefore, to optimise the system 
for both the amount of CO2 captured and reboiler 
energy, flowrates higher than 2300kg/s are 
required for solvent loadings between 0.21 – 
0.22molCO2/molK2CO3(s). 
 
Fig. 3. Correlation between solvent lean loading and 
flowrate.  
3.2 Case 2: Impact of Stripper Pressure  
The previous examples all maintained a constant 
stripper pressure of 150kPaa, whereas the 
following cases look at the impact of varying the 
pressure on the reboiler energy.  As discussed in 
the introduction, a lower pressure is thought to 
reduce the reboiler energy for a carbonate system.  
This is confirmed in Fig. 4  where the variable 
pressure solutions are better than the fixed 
pressure solutions and in Fig. 5 where all the 
optimised variable pressure is at 30kPaa; the 
lowest possible pressure allowed in the range.  
 
Fig. 4. Impact of stripper pressure on the Pareto-
optimal solutions of the reboiler energy and 
capture rate.  
The optimal solutions again have solvent loading 
as nearly linear with the reboiler energy until the 
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reboiler energy reaches 6MJ/kgCO2 after which 
the solvent regeneration becomes increasingly 
difficult. 
 
Fig. 5. Solvent loading and stripper pressure for the 
optimised points shown with the stripper 
reboiler energy.  
 
3.3 Case 3: Impact of variables on the 
power station unit’s net power 
This case looks at optimising the power station 
unit’s net power output rather than the reboiler 
energy by varying the solvent loading, flowrate 
and stripper pressure. The results are shown in Fig. 
6 for both Case 3 and Case 4 which will be 
presented in the next section. Fig. 6 shows that as 
the capture rate of CO2 increases the net power 
produced from the unit decreases.  
 
Fig. 6.  Optimal solutions for Case 3 without heat 
integration and Case 4 with heat integration. 
For Case 3, the stripper pressure (when the overall 
net power from the power station unit is 
considered) do not all tend to 30kPaa. The 
pressure is more scattered and is tending towards 
70-90kPaa rather than 30kPaa (Refer to Fig. 6).  
The optimised solutions for the solvent loadings 
for Cases 2 and 3 are very similar for the CO2 
capture rate.    
 
 
Fig. 7. Solvent loading and stripper pressure for the 
Pareto-optimal solutions for Case 3. 
3.4 Case 4: Impact of variables on the 
power station net power with heat 
integration 
The final case looks at the impact of the three 
variables on the overall output of the power station 
when heat recovery is maximised.  The Pareto-
optimal solutions are shown for the net power 
produced by the unit versus the capture rate in Fig. 
6.  These points are all dominant over Case 3, 
which does not consider heat integration of the 
CCS plant with the power station.  The power 
station unit’s output between the heat integrated 
and non-integrated case is between 20-30MW over 
the range of capture rates. The maximum capture 
rate of CO2 is also greater for Case 4 compared to 
Case 3 (refer to Fig. 6). Case 3 is limited to 90% 
capture of CO2 as the steam demand for any 
further capture exceeds the amount of steam 
available from the turbine of the power station 
unit.     
The optimised points for Case 4 show that low 
stripper pressures are not necessarily preferred 
when the overall power plant is taken into 
consideration.  As shown in Fig. 8, the stripper 
pressure tends to be between 170-250kPaa 
compared to around 70kPaa for the case without 
heat integration (Case 3).  
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 Fig. 8. Stripper pressure for the optimised points of 
Case 3 and 4 
It is also interesting to note that the solvent lean 
loading for the heat integrated case is quite 
different to the others as shown in Fig. 9.  Cases 2 
and 3 appear to have a reasonably uniform 
relationship between the capture rate of CO2 and 
the lean solvent loading. In contrast with Case 4 
the optimum lean loading of the solvent is 
0.26molCO2/molK2CO3, for capture rates between 
40-80%. 
 
 
Fig. 9. Solvent loading for optimised solutions for 
Cases 2, 3 and 4.  
4. Discussion 
4.1 Impact of stripper pressure on the 
optimal solutions 
There is a definite trend in the CCS industry to 
focus on trying to minimise the reboiler energy of 
the solvent plant, which is important to help to 
reduce the amount of energy that the CCS plant 
will take from the power station unit. However, it 
is not the entire picture. To ensure the impact the 
CCS plant has on the power station is minimised, 
the solvent plant must be optimised with the power 
station in mind.   
In order to reduce the reboiler energy for a 
potassium carbonate based CCS plant, the stripper 
pressure should be as low as possible. However 
when the impact on the power station is 
considered the optimal pressure increases to 
around 70-90kPaa, and increases even further 
when the solvent plant heat integration with the 
power station is considered, to between 170-
250kPaa depending on the amount of CO2 
captured. The reason for this change is that the 
higher pressure reduces the power requirement of 
the CO2 compressor giving a higher net output.   
In order to compare Cases 2, 3 and 4 consider a 
capture rate of 90%. Interestingly for all of these 
cases the Pareto-optimal solution had lean solvent 
loadings of 0.22molCO2/molK2CO3 and solvent 
flowrate of 2600kg/s. Therefore, the only 
difference between each of these cases is the 
stripper pressure and the objective. Table 2 shows 
the reboiler energy requirements, the CO2 
compressor power, the power produced from the 
turbine taking into account the steam that needs to 
be extracted and thus the net power generated by 
the power station for a range of stripper pressures 
for the optimal solvent loading and flowrate for 
90% capture of CO2.  They are shown for a power 
station without any heat recovery between the 
power station and the CCS equipment and also for 
maximum heat integration between the power 
station and CCS equipment. 
Table 2. Comparison of solutions for 90% capture 
rate of CO2.        
SP  
(kPaa) 
Reboiler 
Energy 
(MJ/kgCO2) 
CO2 
Comp. 
Power 
(MW) 
Turbine 
Power 
(MW) 
Net 
Power 
Output 
(MW)
No heat integration 
30 4.45 37 149 96 
90 4.90 27 142 99 
250 5.30 20 135 99 
Including heat integration 
30 4.45 37 153 116 
90 4.90 27 167 123 
250 5.30 20 165 129 
If the objective is to minimise the solvent plant 
reboiler energy (Case 2), then from the results 
shown in Table 2 it can be seen that this would be 
achieved by having the lowest stripper pressure.  
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When the compressor power is taken into 
consideration for Case 3, the optimum solution is 
at a stripper pressure of approximately 90kPaa, as 
there is a 10MW advantage in the compressor 
power requirement and only a 7MW penalty in the 
power generated in the turbine.  What can also be 
noted is that as the pressure is increased from 
90kPaa to 250kPaa the net power output is very 
similar. There is a 7MW of reduction in the 
compressor power, but also 7MW less of power 
generated from the turbine. The similarity in these 
results explains why at capture rates greater than 
75% there is no clear optimal stripper pressure for 
Case 3 as the optimal solutions include stripper 
pressures between 50kPaa and 250kPaa (refer to 
Fig. 6 & 7).  
Therefore, when selecting a stripper pressure for a 
project the decision for this case may come down 
to other factors including capital costs, safety and 
operability. To improve the range of capture rates 
that the plant would be able to operate with the 
maximum net power generation the designer may 
chose to operate with a stripper pressure of 70kPaa 
as this is the stripper pressure for the optimal 
solutions for capture rates between 50 and 75% 
(refer to Fig. 6 & 7). 
When including maximum heat recovery between 
the power station unit and the CCS equipment the 
trade-off between compressor power requirements 
and power generated by the turbine favours 
pressures of 250kPaa (refer to Table 2).  The 
solutions do not improve above 250kPaa as the 
reboiler temperature increases to a point where 
higher pressure steam is required to satisfy the 
reboiler duty. 
Interestingly for low pressures (30kPaa) the power 
generated by the turbine is lower than for the 
higher pressure cases even though the amount of 
energy required by the stripper reboiler is lower. 
The reason for this can be seen by comparing the 
composite curves for the low pressure case 
compared to a high pressure case.  The low 
pressure case pinch point is at the rich solvent 
heater on the cold curve and the stripper condenser 
on the hot curve. By increasing the pressure in the 
stripper condenser the condenser heat is released at 
temperatures high enough to provide the energy 
for the rich solvent heater which lessens the 
heating and cooling requirements of the process. 
 
4.2 Using CCS to control power station 
unit outputs 
It is possible to design the CCS plant with a range 
of solvent flowrates and lean solvent loadings, 
therefore the capture rates will also be able to be 
adjusted.  As can be seen in Fig. 6 as the capture 
rate is adjusted the power station unit net power 
production decreases.  Therefore, it would be 
possible to alter the power generated by altering 
the amount of CO2 captured. During peak hours 
when the demand and therefore price of electricity 
increases the capture rate of CO2 could be reduced 
to increase the net power generated by the power 
station unit, likewise the power station unit could 
increase the capture rate of CO2 when electricity 
prices reduce.   
As the changes in capture rate would change the 
amount of steam that needs to be extracted from 
the turbine, the control of the turbine over a range 
of steam extraction rates would be important. The 
CO2 compressor turndowns may also limit the 
range of CO2 capture rates, however the operating 
range of the compressors are likely to be improved 
by having multiple compressors in parallel which 
is likely to be the situation on any large scale CCS 
project. 
5. Conclusion 
To minimise the reduction in power output from a 
power station unit with the addition of CCS, the 
design of a solvent-based CCS plant should be 
conducted with the understanding of how the 
power station will interact with the CCS 
equipment. In the case of potassium carbonate 
based solvent plants, the stripper pressure will be 
an important variable.  Stripper pressures in the 
range of 170kPaa-250kPaa were found to be the 
optimal solutions for the power station provided in 
this paper. The optimal pressure may change 
depending on the power station and the available 
temperatures of the extraction steam. MOO of the 
power station and the CCS equipment can 
highlight the impact the CCS equipment will have 
on the net power generation of a power plant and 
can be used to design better integrated systems. 
MOO also enables curves of the power station 
power output versus amount of CO2 captured to be 
generated, this can be used by power stations to 
control the amount of power they generate by 
controlling the amount of CO2 that is captured.  
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Nomenclature 
CCS Carbon Capture and Storage 
MOO Multi-objective optimisation 
SF   Solvent Flow (kg/s) 
LL  Solvent lean loading (molCO2/molK2CO3(s)) 
SP  Stripper Pressure (kPaa) 
Obj.1 Objective 1 
Obj.2 Objective 2 
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Fig.1. A schematic illustration of the mineral 
carbonation process described in this paper. 
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3.2.1 Mg(OH)2 production 
???? ???? ??????????? ??? ?????????????????? ??? ????
???????????? ????????? ?????? ?????????? ?????? ??
???????????? ??????????? ???????? ????? ??? ?????? ??
???????????????????????????????????????????????
?????????????????????????????????????????????????????
???????????????????????????????????????????????????
????????????????????? ??? ??????????????????? ????????
????? ???? ????????? ??? ?????????? ??? ?????? ????
?????????? ???? ????????? ??? ?????????? ??? ??? ????????
???????? ????????? ???? ???? ????????????? ????
?????????? ??? ?????????? ??????????? ???? ?? ?????
?????????????????????????????????????????????????????
3.2.2 Mg(OH)2 carbonation 
?????? ?? ?????????? ???? ??? ?? ???????? ???? ????
??????????????????????????????????????????????????
??????? ???? ???? ?????????? ??????? ???? ????? ??? ????
???????????????????????????????????????????????????
???? ???? ???? ??????????? ?????????? ????? ????? ??????
???? ???? ???????? ??????? ???? ???? ?????? ??? ??????
???????? ??? ???? ?????? ???? ????????? ?????????? ???????
?????????????????????????????????????????????????????
??????????????????????????????? ????????????????????????
??????????????? ?????????
???????????????????????????????????????????????????
?????? ??? ??????????? ??????????? ???? ???????? ??? ????
?????????? ??? ?? ??????? ???????????? ???????? ????????
???????? ??? ???? ?????????? ???? ??? ???? ????? ?????
????????????? ????????? ???? ??????????? ???????????
??????????????????????????????????? ???????????????
??? ??????? ???????? ???????? ??????????????????? ?????
?????? ?? ???????????? ?????????? ??? ????????? ?????
???????? ??? ?????????? ?????????????????????? ??? ????
?????? ???????????? ????? ???? ??? ????????? ??? ?? ??????
?????????
?
Fig. 2. Schematic illustration of the fluidised bed setup 
used for mineral carbonation. 
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4.2. Mg(OH)2 carbonation 
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Fig. 3.  Equilibrium composition for a MgO-Mg(OH)2-
MgCO3 system at 773 K. Gas composition is 
equimolar amounts of CO2 and H2O. 
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Fig. 4.  Carbonation results as a function of pressure 
and temperature: a) PTGA, b) fluidised bed 
(other operational variables varied). 
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Fig. 5. TGA result of Mg(OH)2 containing 3.8%-wt 
CO3. Heating rate 10 K/min. 
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Fig. 6. Cross-sectional SEM images: a) (250x) 
carbonated (51%-wt) serpentinite derived 
Mg(OH)2 sample, b)(500x) an unreacted 
commercial Mg(OH)2 sample. 
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Appendix 
Table 1. Experimental data for 38 carbonation experiments using a pressurised fluidised bed. The “carbonation 
degree” has been calculated by dividing the CO3 content of a sample with that of an pure MgCO3 sample 
of equal weight. 
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Fig. 1.  Energy levels of carbon, carbon dioxide and 
carbonate (taken from [4].) 
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Fig. 2.  A schematic illustration of the mineral 
carbonation process described in this paper 
(taken from [11]). 
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3. Process Thermodynamics 
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?? ??? ?????? ??? ?????? ?? ? ??????????? ???
???????? ? ????????? ???????????? ??? ? ?? ? ?????
? ???? ?????? ? ???? ??????? ???????? ? ? ?
? ????? ????????? ? ??????? ? ? ? ?
? ?? ?? ?? ? ???????? ?? ? ? ????????????? ?????
? ???????? ????????? ?? ???? ?? ? ??????? ?? ?? ????
???????? ?? ????? ??? ?? ??? ???? ??? ??? ??????????
? ? ? ? ???
?
? ?
? ?? ?? ?
???????????????????????? ???????????????????????????????
????????? ???????????????
????????????????? ???????????? ??? ?? ???? ????
????? ??? ???? ???? ??????? ??????? ???? ????????????
?????????????????? ???????? ??????? ???? ???????????
????????????????????????????????????????????????
????????????????????????????????????? ???????????
???????????? ???????????????????????? ???????????
???????????? ??? ?????????? ?????????? ??? ???? ??????
???? ??????? ?????????? ??? ?????????? ?????????????
?????????? ????????????????? ?????????? ???? ????????
?????????? ?????? ??? ???????????? ???????? ??????????
???????????????????
3.2. Production of Magnesium Hydroxide 
?????????? ??????????? ????????? ???????? ??????????
??? ????????????? ????? ????? ????????? ?????????
?????? ??? ???? ????? ?????? ??? ?? ????? ???????????
???????? ???? ??????????? ????????? ????? ?????? ????
????????????????
????????????????????????????????? ???????????
?????????????????????????????????????????????????????
??????????????????????????? ???? ???????????? ??????
??? ?????? ???? ????????? ???? ?????? ???? ?? ??? ????
???????????????????
Table 1.  Reaction enthalpies and thermodynamics 
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Fig. 3. Chemical equilibrium composition of            
reaction products of serpentinite heated 
up with ammonium sulphate (taken from 
[14])  
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Fig. 4.  Reaction enthalpies vs. temperature for 
extraction of 1 mol of Mg from pure serpentine 
or from Finnish serpentinite, and for the 
carbonation . 
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Table 2. Process energy input requirements (MJ/ kg 
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Table 3. Process energy input requirements (MJ/ kg 
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7$/)#"2);  Fossil fuels make an important contribution to the energy mix in Portugal and have major 
environmental impacts through the emissions of greenhouse gases. Therefore reducing CO2 emissions 
in the energy sector has become a major priority for national government. Carbon capture and 
sequestration (CCS) technology has the potential of increasing the flexibility on the achievement 
greenhouse gas emissions reduction by allowing the continuing use of fossil fuels, which guarantees 
feasibility in the energy sector. This work presents the modeling of the main technologies associated to 
the CCS and its implementation into the Portuguese energy system considering different scenarios. 
The implementation of CCS technologies would have a large influence on the national electrical power 
production, having the responsibility for large shares of the emissions reduction that can potentially 
achieved in this sector. For this purpose, the TIMES (Integrated MARKAL / EFOM System) has been 
chosen as the principal tool for building a technical-economic model of the Portuguese energy system 
and its possible evaluation over time. 
K eywords:  CCS, Energy system, Modeling, Portugal. 
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Several different factors drive the development of 
Carbon Capture and Sequestration (CCS) 
technologies worldwide. The biggest motivation 
for expansion of CCS is the climate protection, 
since CCS has possibility for cutting of CO2 
emissions level by high proportion [1]. Also a 
decisive role for the settlement of CCS is energy 
security supply by fossil fuels and commercial 
considerations as enhanced oil recovery (EOR), 
since the use of captured CO2 in EOR can 
increase the yield of oil extraction [2].  
Various technologies for CCS have been 
developed around the world [3]. However, both 
the scale of existing CCS systems and the number 
of CCS commercial and field demonstration 
projects are very small compared to the scale 
necessary for significant and sustained CO2 
emissions reduction. To compass this point it is 
necessary to establish the implementation of this 
new technology by modeling different scenarios 
of main technologies associated to CCS with the 
optimal conditions, economics and environmental 
at first, to reach the right decision in future 
strategy for each country. 
Portugal is one of the countries facing the 
problem of carbon costs due to insufficient 
preparation to achieve its commitments regarding 
the Kyoto protocol and EU Burden-Sharing 
Agreement [4]. A large support was given to the 
implementation of technologies using renewable 
resources on its energy sector due to the country´s 
favorable location for their use. [5,6]. However, to 
assure its energy system performance Portugal 
will supposedly need to maintain fossil fuel usage 
together with a balance development of non-
carbon based energy technologies. This is a 
crucial factor for the feasibility of its energy 
paradigm in the future, since Portugal is highly 
dependent on fossil fuel usage including the 
energy sector [7] and there are still many open 
questions regarding energy storage and total 
capacity availability for the installation of power 
plants using renewable energy sources [8].  
To support any strategy for CCS implementation 
in Portugal very little research on the 
development of CCS was undertaken up to now. 
Preliminary results for CCS deployment in 
Europe suggested that present CCS systems are 
not yet economically viable in Portugal [9], but 
the study also showed that if capture-ready 
becomes a mandatory specification applicable to 
??????????????????????????????? ????????????????????????
??????????????? ?????????
both coal and natural gas power plants, almost all 
EU countries will realize CCS, including 
Portugal. Technological improvement is an 
important drive force for implementation of CCS 
technologies in Portugal. Developments such as 
the introduction of the new combined cycle 
thermoelectric units using natural gas, or the 
improvement of efficiency, namely, the shift from 
hard coal combustion to pulverized coal 
combustion, have already been realized [4]. This 
implies the future implementation of capture 
technologies into Portuguese energy sector 
depends on national regulation, being higher 
restriction on CO2 emissions or higher CO2 prices, 
favorable to CCS implementation. 
In the first part of this paper the Portuguese 
industrial system is studied and further analyzed 
with its major industrial CO2 sources being 
characterized and grouped by clusters, showing 
the emissions location and intensity. This section 
is followed by presenting the structure of TIMES 
model (Integrated MARKAL / EFOM System) 
which has been used to perform and analyze the 
Portuguese electrical system and its evaluation 
during the time. In next section, the modeled 
scenarios are presented and discussed. Into the 
BAU (business as usual) scenario CCS 
technologies have been implemented under 
regulatory aspects explicit by different price 
levels of CO2 taxation and purchase permits under 
the Emissions Trading System in Europe (EU ?
ETS). Finally price of electricity generated by 
several involved technologies is also analyzed. 
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The energy mix in the Portuguese energy sector 
reflects the country heavy dependence on fossil 
fuels, mainly for electricity generation [10,11]. 
These installations are large point emitters and 
therefore are suitable candidates for the 
application of capture technologies. Identification 
of the large point CO2 emitters was based on the 
installations included in the National Allocation 
Plan II [12] and the evaluations of the 
corresponding emissions were estimated from the 
technical characteristics of each plant. A more 
detailed analysis reveals of more than 200 entities 
situated in the mainland Portugal (most of them 
indispensable for the economic activity of the 
country) showed that not only centralized 
electricity production is the main responsible for 
the industrial CO2 emissions, also others 
industries are large contributors. Energy intensive 
industries as refineries, cement industry, paper 
and pulp production, ceramic and metal industry 
represent nearly half of the national CO2 
emissions of the energy sector (from total 
30 Tg CO2 in 2006). The IPCC Special Report on 
CCS [1] defined large stationary CO2 sources 
processing at least 0.1 Tg CO2 per year as key 
criteria for economically feasibility of capture 
technology. The main candidates for CCS in 
Portugal were identified under this condition. 
These applicants represent almost 90% of total 
emissions from all installations included in the 
National Allocation Plan II. Fig. 1 shows a map 
with the distribution of these CO2 sources 
characterized by clusters in mainland Portugal 
created by ArcGIS programme. 
 
F ig. 1.  Major industrial CO2 sources in mainland 
Portugal characterized by clusters - CO2 
emissions higher then 0.1Tg per year, data 
based on year 2006. 
It is possible to observe that the majority of large 
point sources are concentrated on the coastline, 
mainly close to the biggest cities as Lisbon and 
Porto. Likewise in Sines area it is located the 
cluster with the highest CO2 emissions due to its 
???????????????????????? ???????????????????????????????
????????? ???????????????
industrial large activities, specially situated near 
the industrial harbor that serves as maritime hub 
to the continental Europe??
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The Integrated MARKAL-EFOM System 
(TIMES) is an energy/economic/environmental 
tool developed by several people related to 
ETSAP - Energy Technology Systems Analysis 
Program [13]. It is used to estimate energy 
dynamics in local [14], national [15,16] or multi-
regional [17] energy systems over a long-term, 
multi-period time horizon. TIMES is a bottom-up 
partial equilibrium optimization model [18]. The 
model is built through a detailed description of 
technologies and commodities that characterize 
the energy system. Then, it computes the 
minimum cost solution that is capable of 
providing the modeled energy demands by 
making decisions on equipment investment and 
operation, primary energy supply and energy 
trades. It is a partial equilibrium model as the 
quantities and the prices in each time period are 
such that the suppliers produce exactly the 
quantities demanded by the consumers, which 
means that the total surplus is maximized.??
The main advantage that TIMES has regarding its 
predecessors MARKAL and EFOM is its 
flexibility. With TIMES, it is possible for the user 
to define different lengths for the time periods in 
which a year is divided. Furthermore, it allows 
having different levels of disaggregation for 
different sectors of the model, which can be very 
useful. 
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Necessary enterprise to begin the progress of CCS 
in any country is to set up the technology, 
environmental and regulatory assessment of this 
new technology at national level. For the entire 
design of national energy systems it is necessary 
consider specific factors including regional 
resource endowments, conversion technologies, 
information, time, prices and investment finance, 
operating costs or age of infrastructures. 
Therefore TIMES model has been used to 
perform below described scenarios of the 
Portuguese energy system and its evolution until 
2050. 
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Although previous assessment of the large point 
CO2 sources involved also other installations then 
those related with electricity production, herein 
presented model built with TIMES will only 
analyze the behavior of the electricity sector in 
detail. The base year of the model is 2005 with 
the horizon until the year 2050 and resolution of 
one year period of time. Data regarding demand 
for electricity consumption during the period from 
2005 to 2009 was obtained from the database of 
the Portuguese National Directorate for Energy 
and Geology (DGGE) as presented in Table 1. Up 
to the year 2020 the demand growth is following 
the projection of national transmission operator 
[19] and at later stage the driver factor is implied 
from the growth of population preceded by 
Statistics Portugal [20]. 
Table 1. Electricity consumption in mainland Portugal. 
 Unit 2005 2006 2007 2008 2009 
Demand GJ 172.6 177.0 180.2 182.1 179.5 
 
The supply side of the model covers electricity 
production including fossil fuel power plants, 
cogeneration power plants, and power plants 
using hydro, wind, solar, biomass, biogas and 
combustion of communal waste for electricity 
production. At the base year each fossil fuel 
power plant is interpreted as an individual 
technology since they are the focus of this study, 
including possibility of retrofitting with capture 
technologies. Other technologies are divided into 
different groups of technology depending on the 
source to generate electricity. The techno-
economic data interpreting supply side 
technologies are installed capacity, technical 
lifetime, electrical efficiency, availability factor, 
capital costs, fixed costs and variable costs. 
Table 2 presents the technical characteristics 
describing the existing electricity power plants in 
2005 that were used to build the base year model. 
These values have been obtained from the 
national´s transmission operator (REN) database 
or additionally calculated from technical 
characteristics of the plants. A homogenous 
discount rate of 5 % is applied for all economic 
values. Typical costs for all evaluated 
technologies have been estimated in line with the 
study carried out by PB Power for the Royal 
Academy of Engineering [21].  
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The new technologies that are available within 
any period of time evolution that were taken into 
account in this work, include new pulverized coal 
(PC) power plants, new combine gas cycle 
(NGCC) power plants, Integrated Gasification 
Combine Cycle (IGCC) plants and new wind 
onshore plants representing the most suited to be 
installed in Portugal in future [22]. 
Table 2.  Technical characteristics of power plant. 
Source 
Installed 
capacity 
(MW) 
Lifetime 
(years) 
Eff. 
(%) 
Available 
factor 
Coal 1820 40 0.37 0.90 
Natural gas 2190 40 0.55 0.90 
Fuel oil 1752 30 0.32 0.90 
Hydro 4752 100 n.a. 0.20 
Wind 1047 20 n.a. 0.27 
Solar 2.9 20 n.a. 0.15 
Biomass 369 50 n.a. 0.42 
Biogas 8.2 50 n.a. 0.43 
Waste 88 50 n.a. 0.71 
 
In order to satisfy required demand for electricity 
it is allowed the import of electricity from Spain 
under the liberalized Iberian market [23]. The 
price of the imported electricity is considered 
from the historic database of the Iberian 
Electricity Market (MIBEL) between 2005 and 
2010 and this trend is linearly extrapolated and it 
reaches 55 ????h in 2050. In addition, the model 
takes also assumptions on fuel prices, resources 
availability and CO2 permits trade each as an 
independent parameters. The price of imported 
coal for Portugal is derived from the price referred 
in the Fossil Energy Coalition (FENCO) database 
and the prices of natural gas and fuel oil are 
derived from the price referred by DGGE for the 
base year. Assumptions on fossil fuel prices in the 
future are adopted from the Reference Scenario of 
the World Energy Outlook [24] until the year 
2030. Because of further lack of information it 
has been decided maintain the price constant 
between 2030 and 2050 as the price seems to be 
extremely high already in 2030. Table 3 
summarizes the evolution of the estimated prices 
for electricity and fuels. Across the whole 
presented period it is considered the import of all 
fossil fuels without limitations. The model also 
does not consider any limitations on availability 
of domestic natural resources. In order to force 
the environmental trend of our scenario, 
regulatory restrictions were included for CO2 
emissions produced by the centralized electricity 
system, based on the Portuguese National 
Allocation Plan I and II (PNALE I and II). 
Between 2005 and 2008 the maximum value of 
the emitted CO2 by the electricity sector is limited 
to 22.5 Tg/year (PNALE I). From 2008 to 2050 
the limit is reduced to 15.4 Tg/year (PNALE II), 
however the emissions exceeding this value can 
be exported under the Emissions Trading System 
in Europe (EU ? ETS) with a cost of 20 ?/Mg of 
CO2 up to 7.1 Tg/year over the target. Moreover 
from 2013 onwards all emissions of CO2 are taxed 
with the price equal to allowance permits 
purchase under EU ? ETS of the trading system. 
Therefore in this period comes a double cost from 
exceeding the CO2 limit which is the same as in 
the period from 2008 to 2012.  
Table 3.  Assumption on prices (????). 
 2005 2010 2015 2030 2050 
Electricity 11111 11574 12037 13426 15278 
Coal 1400 1339 1243 1249 1249 
Natural gas 4830 4361 3955 3966 3966 
Fuel oil 8960 7991 7231 7035 7035 
 
The model has been calibrated for the base year of 
2005 and validated by experimental runs from 
2005 to 2008. Upon application of moderate 
boundaries the model showed a supposed 
behavior on the real performance of electricity 
system in this period of time. 
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Scenarios characterized below are created by 
involving CCS into the BAU scenario. Economic 
feasibility for capture technologies, uncertainties 
on storage capacity and future developments of 
energy systems do not allow an easy 
implementation of CCS into the strategy of any 
country. Herein it has been created a strategy of 
the possible configuration for the Portuguese 
electrcity system. This approach determines the 
employment of the capture technologies on PC 
power plants, IGCC plants and NGCC power 
plants starting its eventual run from 2010 
onwards. Technology options for capture CO2 are 
still in progress and only a few of them are in a 
mature state. Therefore in this study several 
options for capture are taken in account 
independently of their stage of development. The 
???????????????????????? ???????????????????????????????
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interpretation of the fossil fuel power plants with 
the capture units is made alike conventional 
technologies. The estimated values are based on 
IPCC Special Report on Carbon Dioxide Capture 
and Storage [1].  
Energy required to operate CO2 capture systems 
reduces the overall efficiency of power 
generation. This leads to increased fuel 
requirements, solid wastes and costs relative to 
the same type of base plant without capture. The 
selection of a capture technology depends of 
many specific factors that vary for each candidate 
entity. However it is not yet clear which 
technologies can easily be applied to address CO2 
capture for the Portuguese industrial system. 
There is also missing detail study for the 
evaluating of the storage potential in mainland 
Portugal for the present. Due to these issues it is 
consider an infinite storage capacity of CO2 with 
no costs on transport and sequestration since they 
both appear to be low in comparison with the cost 
of just the capture of CO2 [25]. 
Three scenarios (SC1, SC2, SC3) implementing 
CCS technologies were created distinguishing 
different evolutions of price for CO2 allowance 
permits and taxes for emitted emissions. In Table 
4 are summarized all the scenarios. 
Table 4.  Price evolution for ????????????????????????. 
  BAU SC1 SC2 SC3 
Implementation of CCS No Yes Yes Yes 
2005-2007* Tax 0 0 0 0 
 Permits n.a. n.a n.a. n.a. 
2008-2012** Tax 0 0 0 0 
 Permits 20 20 20 20 
2013-2019** Tax 20 20 20 20 
 Permits 20 20 20 20 
2020-2029** Tax 20 20 50 50 
 Permits 20 20 50 50 
2030-2050** Tax 20 20 50 80 
 Permits 20 20 50 80 
* Maximum allowed CO2 emission up to 22.5 Tg/year. 
** Maximum allowed CO2 emissions up to 15.4 Tg/year. 
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In the period of time from 2005 to 2020 the 
demand for electricity in Portugal is set to grow 
rapidly in our scenario accordingly the study of 
the national transmission operator. The demand in 
2020 is nearly double in comparison to the base 
year. In the following years it is registered a soft 
continued decline lead by a moderate reduction of 
population in Portugal. Fig. 2 presents the 
development of electricity generation by 
technology groups for a BAU scenario during the 
studied period satisfying the required electricity 
demand. Certain technologies maintain practically 
constant production of electricity throughout all 
the 50 years, namely hydro power plants, waste 
combustion and biofuels power plants, and 
cogeneration plants (both combusting fuel oil and 
natural gas). The wind power plants are 
progressing in the near future and already in 2010 
are generating four times more electricity than in 
the base year. On the contrary, fossil fuels power 
plants combusting fuel oil (FO) has come to the 
end of their lifetime and none is built ever again. 
Constraints on CO2 emissions lead to fall of the 
pulverized coal power plants being compensated 
by NGCC power plants. Neither new pulverized 
coal PC nor new IGCC power plants have been 
picked by the model for reasons related to high 
CO2 emission rates, which with taxes to the 
electricity cost become higher than NGCC. 
Deficits in electricity needs are complemented by 
imported electricity. The quantity of solar power 
plants is incomparably small comparing with the 
whole electricity system. 
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F ig. 2.  Electricity generation by technology groups 
accordingly to the BAU scenario. 
To avoid any pointless progress, several 
boundaries have been established. The price of 
imported electricity is low nevertheless the 
received amount has to be limited to provide a 
realistic grid interconnection between Spain and 
Portugal. For the similar reason the wind power 
cannot overpass prospective values of installed 
capacity in future to assure the technical quality 
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within grid interconnection, even though the wind 
power generation seems to be a supreme option 
for generating electricity from abounded 
renewable source. Also it has been stressed the 
production of electricity by existing power plants 
in order to maintain them working until the end of 
their lifetime, mainly regarding the least efficient 
power plants combusting fuel oil.  
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When the costs of CO2 taxes and permits are 
applied under the same conditions as for BAU 
none new power plant with carbon capture unit is 
installed. Since this study do not force obligation 
on capture ready power plants in the future, Fig. 3 
shows that under the first scenario (SC1) it is 
economically inconvenient to built new power 
plant with a carbon capture unit in the Portuguese 
electricity system. However this result 
dramatically changes with the increase of the cost 
of taxes and also price for purchasing CO2 
permits. As the price gets higher the optimized 
cost of the system becomes more favorable to 
capture technologies. In SC3 more than 50 % of 
overall produced electricity is generated by IGCC 
power plants with CCS from 2030. In 2050 it is 
the only one technology combusting fossil fuel 
with exception of very small share of combusting 
fuel oil in cogeneration. 
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F ig. 3.  Share of electricity generation by technology 
groups in each scenario; *O thers are 
technologies maintaining constant production 
of electricity through analyzed period. 
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After 2008 the maximum request for CO2 permits 
from EU  ETS has been settled up to 7.1 Tg/year 
above the constraint on the CO2 emitted. This 
value is proposed from the difference between 
restrictions of PNALE I and II. When higher price 
for these permits is proposed, like on SC2 and 
SC3, the system more favorable set up the power 
plants with capture of CO2 then purchasing the 
permits. This behavior is displayed in Fig. 4. 
After 2030 no permit is bought under any 
conditions in SC2 and SC3. In addition thanks to 
the implementation of power plants with capture, 
the overall CO2 emissions in the electricity sector 
are reduced more than 50 % in SC3 compared to 
BAU, where furthermore a certain amount of 
permits is forced to be purchase in the period 
from 2025 to 2050. Fig. 4 also presents the 
captured and stored amount of CO2 emissions per 
year at SC2 and SC3 (SC2 STG and SC3 STG 
respectively). 
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F ig. 4.  Emitted and captured CO2 emissions within 
each scenario.  
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Fig. 5 provides plots of the cost for generated 
electricity as a function of carbon price for several 
technologies that have been involved within the 
model. The comparison is provided for the costs 
in 2030. The technology with the lowest costs for 
production of electricity in our system is hydro 
power plants, however further large expansion of 
hydro power plants is limited in the mainland 
Portugal. The cheapest technology with CCS is 
IGCC, and therefore it is this technology that 
covers most of the electricity demand in the SC2 
and SC3. 
The cross over price for IGCC is already between 
30 and 35 ? ? ? 2 and it explains why in 
SC1 the power plants with capture technology are 
not an option for electricity generation. From 
2020 the demand is decreasing and the required 
demand could be met by the already existing 
???????????????????????? ???????????????????????????????
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IGCC power plants without CCS. When the 
??????? ?????? ??????? ??? ??? ?? ?? ?????? ????
difference in cost between the IGCC with no CCS 
and the IGCC with CCS is enough high to make 
the optimal cost of the system incorporating 
capture technology rather than acquiring the 
necessary permits. This is a homologous 
behaviour observed in the previous figure. 
Similarly the cross over price of ????? ?????????
could be favourable to fit into the proposed 
scenarios (SC2 and SC3) but the lower efficiency 
of this technology involves the purchase of the 
CO2 permits, which leads to the election of IGCC 
with CCS. 
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F ig. 5.  Electricity price as a function of price for CO2 
permits under EU - ETS. 
Wind is playing particular role demonstrating 
higher costs for electricity production in 
comparison with IGCC and PC when both use 
capture unit. However the benefit from an 
abundant domestic source serves as a strong 
argument to bring this technology forward until 
its superior border of feasibility in the future is 
reached. Electricity generated by NGCC with 
CCS is still very costly to conquer a position at 
any of the presented scenarios. 
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Strengthening and expansion of the Emissions 
Trading System (EU ? ETS) is a cornerstone on 
the strategy for mitigation CO2 emissions cost-
effectively in Europe. The aim of the EU-ETS is 
to help the EU Member States to achieve 
compliance with their commitments under the 
Kyoto Protocol by allowing the buying or selling 
of emission allowances. National large point CO2 
sources will have to struggle with other emitters 
while bidding for the pretended number of 
allowances determined by The National 
Allocation Plans (PNALE) in each member state. 
The designed scenarios in this case study lighted 
up the possibilities for technology application in 
an economic viable manner and compared the 
price of capture technology with the price of 
allowances assuming worldwide prediction that 
carbon prices will rise up to the point where CCS 
technology becomes profitable. 
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Utility Optimization in a Brewery Process Based on Energy
Integration Methodology
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Abstract: This paper presents a methodology aimed at improving the energy efficiency of a brewery
applying process integration techniques. The different steps of the analysis are presented. The first
step is the identification of the process energy requirements and the corresponding heat loads, which
allows the definition of the process hot and cold streams. The Pinch Analysis of the brewery reveals
a heat recovery potential of 36% by improving the heat exchanger system. In order to satisfy the
minimum energy requirements, optimal energy conversion technology configurations are calculated,
taking into account economic and environmental criteria. The integration of suitable utilities is consid-
ered (cogeneration engine combined with heat pumping and refrigeration systems) and the interaction
between them is analyzed. In addition, a thermo-economic optimization is performed in order to de-
termine the optimal heat pump operating temperatures. The results show the opportunity to reduce by
36% the brewery heating bill and by 44% the CO2 emissions through the set up of an optimized utility
configuration when compared to the current one. In addition, the optimal integration shows that the
cooling water consumption of the refrigeration can be suppressed and appropriately be replaced by a
heat pumping effect. The comparison between French and German conditions shows that contrasting
results can be obtained due to the different economic and energy supply configurations. The process
system analysis shows that when considering the recovery of the plant organic waste, bio-methane
can be produced and valorized in the cogeneration engine. In that case, it is demonstrated that the
process can become self sufficient in terms of energy.
Keywords: process integration, pinch analysis, brewery, thermo-economic optimization.
1. Introduction
Beer production (28Mt in 1999, EU-15) ranks 5th
in European food industry and the European beer is
widely exported. Breweries use significant amounts
of water and energy to produce this fresh and tasty
drink. In the current trend of high energy price, en-
ergy efficiency improvement of industrial processes
represents an important way to reduce production
costs. In addition, growing environmental concern
encourages companies to consider innovative solu-
tions not only to reduce the carbon footprint but also
the water consumptions.
In the Top-Down approach developed by D. Muller
et al. [9] for analyzing the energy efficiency of in-
dustrial processes in the food industry, Pinch Anal-
ysis is used to identify the possible heat recovery
by heat exchange between the streams to be cooled
down and the streams to be heated up. Pinch Anal-
ysis [6] targets the minimum heat requirement of
a process through the graphical representation of
the process energy requirements, called composite
curves, and describes how it is possible to achieve
the determined energy targets with a correctly de-
signed network of heat exchangers.
The systemic approach consists of the identifica-
tion and characterization of the main Process Unit
Operations (PUOs). The Top-Down approach [9]
shows that more than 80% of the energy consump-
tion can be explained by describing only 20% of
the units of a factory. For these important PUOs,
models are used to characterize the set of hot and
cold streams that are needed to achieve the oper-
ation. The choice of the minimum approach tem-
perature ∆Tmin allowed by the heat exchangers en-
ables the determination of the process Minimum
Energy Requirements in heating and cooling. Grand
composite curve analysis helps towards identify-
ing opportunities for energy-efficient utility inte-
gration to satisfy the energy requirements, such as
combined heat and power (CHP) systems or heat
pumps (see for example [3]). Optimal utility inte-
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gration can be achieved using a Mixed Integer Lin-
ear Programming (MILP) formulation, as described
by Mare´chal and Kalitventzeff [7].
This paper presents the implementation of the pro-
cess integration methodology on a brewery. The re-
sults are presented based on two different scenar-
ios in terms of equivalent CO2 emissions accord-
ing to the substitution options of the electricity mix.
In addition the methodology will be used to assess
renewable energy integration using bio-methanation
of the process waste.
2. Pinch analysis of a brewery
2.1. Process Description
The brewery studied corresponds to a typical brew-
ing process. The target temperatures of the streams
and the proportions of ingredients are determined by
the product recipe. The brewing house is associated
with beer production and is split into two parts:
• a hot part(mashing), described by the block
flow diagram of Figure 1, where the blend of
water and malt (Mash) is firstly brewed at high
temperature (76◦C) so that the activated en-
zymes transform malt starch into sugar. The
Mash is then filtered to obtain the wort, which
is boiled with hops to develop beer flavors.
Wort boiling is an energy intensive operation.
The wort is clarified in a whirlpool to remove
the hops and eventually cooled to the pitching
temperature.
• a cold part, illustrated in Figure 2, mainly
consisting of the wort fermentation by yeast, at
constant temperature (11◦C), during 2 weeks.
The beer is then chilled (-2◦C) and clarified
before being stored in insulated tanks where it
ends its maturation.
The rest of the process consists of the beer packag-
ing. In the process under study, four conditioning
lines package the beer in new bottles, in kegs and in
returnable bottles that are washed beforehand. The
bottles filled with beer are then pasteurized.
A Cleaning in Place (CIP) system with eﬄuent re-
covery, designed to wash the tanks, is also modeled
in the study.
Figure 1: Block Flow Diagram of the Hot Part
Figure 2: Block Flow Diagram of the Cold Part
2.2. Process Integration Assumptions
Table 1: Chosen Values of ∆Tmin/2
Stream State ∆Tmin/2 [∆◦C]
Liquid 2.5
Evaporating 0.8
Condensing 1.7
The Pinch Analysis of the brewery is performed us-
ing the following key hypotheses:
• Thermal losses during heat transfers are not
taken into account.
• Despite the fact that the units are operated in
batch mode, we consider a time averaging ap-
proach, where all the process operations are
considered as being simultaneous. This is done
by calculating the overall energy consumed per
unit of product and dividing it by the mean
hourly production. The yearly operating time
of the brewery is 4992h.
• For each stream, the corresponding ∆Tmin/2
was chosen according to the existing equip-
ments. The associated values of ∆Tmin/2 may
not be optimal; however they are used in the
study, as they correspond with the existing heat
exchangers available in the factory.
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2.3. Modeling of the Conditioning Lines
The opportunity of recovering heat from the condi-
tioning lines is worth studying, since bottle washing
and pasteurization devices represent important en-
ergy consumers in breweries. In the process under
study, the conditioning lines account for more than
32% of the current heating demand, which reveals
the importance of modeling and integrating these
units when undertaking the Pinch Analysis of brew-
eries.
As an example, the modeling of the bottle pasteur-
ization device is presented in this paragraph. The
device is considered as a sequence of soaking baths
transferring their heat to the beer bottles passing
through them. The bottles are successively heated
and cooled; the baths thus require respectively heat-
ing and cooling supplies in order to keep a constant
temperature level.
The model considers the different baths at their
corresponding temperatures. This representation
enables the determination of internal heat recovery
potential, as well as between the baths and other
process streams.
In the study, permanent regime is considered. The
current bottle pasteurization device consists of ten
baths maintained at constant temperature levels.
The input and output temperatures of the bottles are
respectively 8◦C/281K and 30◦C/303K. The main
soaking bath is kept at 62◦C/335K.
The computed heat loads of the different baths cor-
respond to the sum of the bottle heat loads and the
heat losses to the surroundings (from conduction-
convection and from radiation). The composite
curves associated with the device can thus be ob-
tained and represented in a (T − Q˙) diagram. Figure
3 shows the composite curves corresponding to the
device operating on the production line n◦4. 40000
bottles of 0.33L/unit are currently pasteurized per
hour by the machine.
In Figure 3, the hot streams are associated with the
baths in heat excess and the cold ones with those
requiring heat. The grand composite curve corre-
sponds to the enthalpy (heat) difference between the
hot and cold streams for each temperature interval.
In Figure 4, the integration shows the possible heat
recovery that can be obtained by transferring hot
water from one cooling bath (hot stream at constant
temperature) to a heating bath (cold stream at con-
stant temperature).
Figure 3: Bottle Pasteurization Device (Line 4) Com-
posite Curves
Figure 4: Bottle Pasteurization Device (Line 4) Grand
Composite Curve
The chosen value of ∆Tmin/2 (2.5◦C) leads to
a pinch corrected temperature T ∗pinch =15
◦C
(288.2K), which corresponds to the minimal
bath temperature (Tpinch,cold = 12.5◦C= T ∗pinch −
∆Tmin/2). As a result, the device does not need ex-
ternal cooling, since it is possible to transfer all the
heat excess from the hot streams to the cold ones.
The chosen value of ∆Tmin is an optimal one, since
it is associated with the minimal MER feasible for
the current device (220kW in heating and 0kW in
cooling).
In addition, it can be noted that the device heat
recovery potential is determined not only by the
∆Tmin, but also by the number of baths and by their
temperature levels. Thus, the bottling system design
can be optimized using Pinch Analysis, in particular
through the definition of the minimum number of
baths and their corresponding volumes that can be
expressed as a function of the speed of the bottle
processing.
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2.4. Process Integration
The process requirements identified for the PUOs
are used to calculate the maximum energy recovery
in the system. Figure 5 presents the brewery com-
posite curves resulting from the definition of the hot
and cold streams identified in the process.
Figure 5: Brewery Process Composite Curves
Figure 6: Brewery Process Grand Composite Curve
The first observation that can be established is re-
lated to the pinch, detected at the corrected temper-
ature T ∗pinch =285.5K (or 12.5
◦C). The pinch point
coincides with the temperature of cold water enter-
ing the process at ambient temperature. As a con-
sequence, all the eﬄuents (hot streams) leaving the
process at a temperature above the ambient tem-
perature must deliver their heat to the process cold
streams.
The computation of the MER for the identified
PUOs enables the identification of opportunities for
energy saving. The results are shown in Table 2 and
reveal a heat recovery potential of 1143kW. The re-
maining heating requirements of the Non Identified
Process Units (NIPUs), i.e. 604kWth, are added to
define consistently the minimum heat requirement
for the entire process. The targeted heating savings
represent 36% of the total heat consumptions.
Table 2: Estimated minimum energy requirement for
∆Tmin,liquid =5◦C
Type MER Present Savings Savings
[kW] [kW] [kW]
Hot Utility 1386 2529 identi f ied 1143 45%
1990total 3133 total 36%
Cooling
Water
(>10◦C)
0 NA NA NA
Refrigeration
(<10◦C) 837 NA NA NA
3. Energy conversion integration
The analysis of the energy conversion system inte-
gration is based on the energy costs [4] and the CO2
emissions [1] of the French industrial sector in 2007
and will be compared to the German case (table3).
Table 3: Energy Costs (without taxes) and CO2
Emissions- France FR and Germany GER (2007)
Cost CO2 Emissions
Electricity FR 54.1 e/MWhe 55kgCO2/MWhe
GER 92.7 e/MWhe 624kgCO2/MWhe
Nat. Gas FR 27.1 e/MWhLHV 231kgCO2/MWhLHV
GER 41.7 e/MWhLHV 231kgCO2/MWhLHV
Water 0.00657 e/m3 -
3.1. Grand Composite Curve analysis
The analysis of the Grand composite curve (Figure
6) leads to the following observations:
• Heat is required at relatively low temperature
levels which offers the opportunity to inte-
grate combined heat and power (CHP) and heat
pumping systems.
• The pinch temperature (T ∗pinch =12.5◦C) corre-
sponds to the ambient conditions. It allows for
integrating the hot stream of the refrigeration
system as a heat source for the process.
• Provided that a heat pumping system is used
to satisfy the needs at medium temperature, an
MVR system can be used to recover the con-
densation of wort steam at high temperature.
???????????????????????? ???????????????????????????????
????????? ???????????????
This would enable lower temperature heating
requirements to be satisfied by the cooling wa-
ter of a cogeneration engine. Thus, the size of
the MVR system will be related with the heat
delivered by the cogeneration system.
• A refrigeration utility with multiple levels of
evaporation represents an appropriate solution
in order to minimize the exergy losses below
the pinch temperature.
Using a linear programming formulation [7] the
flows of the utility streams are calculated to satisfy
the process requirements at minimum cost.
3.2. Improving the conversion system
Currently, a natural gas boiler generates steam at
high pressure (8.5bar) that is distributed and con-
densed after expansion at 2.2bar and 123.3◦C. For
the cooling supply, the factory uses cold water and
an NH3-refrigeration cycle with two levels of evap-
oration, at -4◦C and -8◦C.
The flows in the utility system are computed to min-
imize the yearly operating costs. In practical terms,
the stream heat loads of the energy conversion tech-
nologies are optimized and added to the process hot
and cold streams
Figure 7: Current Utility Setup: Boiler & Refrigeration
Cycle (RC)
Figure 7 shows the integrated composite curves of
the utility system. The utility streams are repre-
sented by the line “brewery utility” and the process
requirements correspond to the grand composite
curve “Others”. The mechanical work supplied to
compressors (heat pump and refrigeration cycle)
is represented by the line “Mech. Power”. The
analysis of Figure 7 reveals that the current utility
configuration does not prove optimal for multiple
reasons. On the one hand, the use of steam at high
pressure and temperature generates exergy losses,
since the process requires heat at lower tempera-
tures. On the other hand, it can be seen that below
the condensation temperature of the refrigeration
cycle, the process heating requirements are lower
than the heat provided by the condensation of the re-
frigerant. This excess of heat must be evacuated by
cooling water. It is therefore necessary to consider
solutions allowing the improvement of the current
utility configuration.
In order to reduce the exergetic losses due to the use
of high pressure steam, the integration of a cogen-
eration internal combustion engine is considered as
an alternative to the boiler currently in operation.
It appears to be the most relevant technology, as it
is possible to recover heat from both exhaust gases
and cooling water, which can be used in low tem-
perature processes like breweries. Natural gas is
firstly considered. As can be seen in Figure 8, the
exhaust gases enable wort evaporation (T*=373K),
whereas the engine cooling water provides heat to
the process streams below 360K. Fuel conversion
leads to the generation of 1047kW of mechanical
power. Part of this power can be used to drive the
refrigeration cycle compressors, which represents
an important reduction in process electricity bill.
Figure 8: Boiler Replaced with a CHP System
However, the size of the CHP system can still be
optimized and the losses caused by refrigeration
cycle condensation remain a problem that has not
been solved yet. The integration of heat pumps is
eventually considered. The mechanical vapor re-
compression (MVR) of the wort vapor can assist
the evaporation and will reduce the CHP system
size. In addition, this high temperature heat pump is
??????????????????????????????? ????????????????????????
??????????????? ?????????
making the condensation of the refrigeration cycle
useful for process water preheating.
The heat pump operating conditions may influ-
ence the flows and the sizes of the other utility
systems. In order to determine the optimal heat
pump operating temperatures, a multi-objective
thermo-economic optimization is performed. Three
decision variables are considered: the heat pump
condensation temperature, the refrigeration cy-
cle condensation and high pressure evaporation
temperatures. Using the evolutionary algorithm
QMOO ([5],[8]) a set of Pareto-optimal points is
obtained, representing the trade-off between invest-
ment costs and operating costs. The Pareto-optimal
set of figure 10 is divided into two distinct clusters,
characterized by a single value of the heat pump
condensation temperature (see Figure 9), namely
66.5◦C for cluster 1 and 77.5◦C for cluster 2, which
corresponds to the maximal temperatures of the
conditioning line units.
Figure 9: Pareto Front (84 Pareto-optimal points after
2000 iterations)
Figure 10: Two Pareto-Optimal Clusters of Heat Pump
Condensation Temperatures
The high pressure evaporation temperature of the re-
frigeration cycle is converged at 6◦C. The condensa-
tion temperatures are preferably distributed between
45◦C and 50◦C.
Two optimized configurations, including the inte-
gration of MVR and heat pump systems, are pre-
sented in Figures 11 and 12. It can be seen a clear
reduction of exergy losses: utility temperatures are
as close as possible to the temperatures of the pro-
cess energy requirements. One can also observe a
drastic reduction in the energy losses: for the case
where the heat pump condenses at 77.5 ◦C (351K),
external cooling water requirement is close to zero.
Table 4 presents the results associated with the dif-
ferent utility setups. It is considered that the re-
maining heating needs of the NIPUs can be fulfilled
by the use of the current boiler (efficiency 85%),
fed by natural gas. The French case is compared
with the German case where the electricity supply
is sensibly different : higher electricity price when
compared to natural gas cost and electricity being
mainly produced by coal power plants (Table 3).
One can observe that in France, from both an eco-
nomic and an environmental point of view, the most
interesting utility setup consists of using heat pump-
ing systems. The best configuration feature a de-
crease by 36% of the operating costs and 18% of
the total costs when compared with the current util-
ity setup. It shows a drastic reduction in CO2 emis-
sions (44%) and in water consumption. On the con-
trary, in Germany, the higher electricity to gas price
ratio favors cogeneration systems, which in turn en-
ables important reductions in operating costs and
CO2 emissions. It is important to note that only en-
ergy costs are taken into account in the yearly oper-
ating costs. If carbon taxation was considered, the
most environment-friendly setups would be associ-
ated with an increased economic savings.
Figure 11: CHP System+MVR, Heat Pump Condensing
at 66.5◦C, COP=5.37
???????????????????????? ???????????????????????????????
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Figure 12: CHP System+MVR, Heat Pump Condensing
at 77◦C, COP=5.71
Table 4: Results with maximum heat recovery
1. Boiler, 2. CHP, 3. CHP+MVR +HP(Tcond=66.5◦C), 4. CHP+MVR+HP(Tcond=77.5◦C)
Unit 1. 2. 3. 4.
Fuel consumption [kWLHV ] 2088 3279 1677 1140
Electricity [kWe] 184 -863 -80 142
Operating Costs FR [ke/year] 332 210 205 212
Saving potential [%] 0 -37 -38 -36
Operating costs GER [ke/year] 520 283 312 336
Saving potential [%] 0 -46 -40 -35
TOTAL COSTS FR4 [ke/year] 332 308 274 274
Saving potential [%] 0 -7 -17 -18
TOTAL COSTS GER [ke/year] 520 380 381 398
Saving potential [%] 0 -27 -27 -24
CO2 (EDF mix) [tons/year] 2459 3544 1912 1372
Saving potential [%] 0 +44 -22 -44
CO2 (GER mix) [tons/year] 2987 1094 1686 1976
Saving potential [%] 0 -63 -44 -34
Cooling water [kg/s] 17.1 17.1 3.0 0.1
Saving potential [%] 0 0 -82 -99
3.3. Husk Bio-Methanation
Breweries offer the opportunity of recovering en-
ergy through husk bio-methanation. The recovered
biogas can be used as an alternative to natural gas to
feed the cogeneration engine. Knowing the amount
of husk produced per year, it is possible to calculate
the primary energy that can be recovered :
QLHV =
Mhusk × M˜CH4 × vCH4 × LHVCH4
v˜
75 Nm3 of methane can be recovered from 1 ton of
husk [2], which represents, for the brewery studied,
8287MWhLHV /year=1660kWLHV , corresponding
to a combined production of 677kWe of electric-
ity and the corresponding heat load. The organic
matter is blended and its transformation into bio-
gas by microorganisms requires a specific operating
4Total Yearly Costs = Operating Costs+Annualized Invest-
ment (interest rate=5%, payback time=15 years)
temperature (35◦C) [2], which results in additional
electricity and heat consumptions.
Table 5: Results Bio-Methanation integration with
maximum heat recovery
1. Boiler, 2. CHP, 3. CHP+MVR +HP(Tcond=66.5◦C), 4. CHP+MVR+HP(Tcond=77.5◦C)
Unit 1. 2. 3. 4.
Biogas Engine Size [kWe] 0 -1232 -677 -677
Process Identified Elec. [kWe] 184 184 295 379
Digester Elec. [kWe] 80 123 80 80
Total Elec. [kWe] 264 -925 -298 -219
Biogas Extra Heat [kWth] 39 0 196 434
Boiler (NIPU) [kWLHV ] 664 711 480 200
Operating Costs FR [ke/year] 161 -31 -16 -32
Operating Costs GER [ke/year] 260 -280 -38 -60
Invest. Bio-methanation [ke] 895 2030 1418 1418
Invest. Heat Pumps [ke] 0 0 198 290
TOTAL COSTS FR [ke/year] 238 145 124 115
Savings /ref. [%] -28 -56 -63 -65
TOTAL COSTS GER [ke/year] 338 -105 101 88
Savings /ref. [%] -35 -120 -81 -83
CO2 (EDF mix) [tons/year] 839 566 471 170
Savings /ref. [%] -66 -77 -81 -93
CO2 (GER mix) [tons/year] 1588 -2060 -377 -452
Savings /ref. [%] -47 -169 -113 -115
Table 5 presents the comparison between the differ-
ent options when converting the biogas. The cal-
culated energy consumptions include the NIPU heat
loads that are satisfied by the current boiler supplied
with biogas. The reference investment cost of a bio-
gas installation is 450ke(digester+cogeneration of
100kWe) [2].
Table 5 reveals that bio-methanation on site is the
most economic and environmental solution. In-
deed, the investment in a bio-methanation installa-
tion is highly profitable and makes the process self-
sufficient. In France, bio-methanation allows the
yearly total energy bill to be reduced by 65% and
2’289tons of CO2/year to be saved (93% with re-
spect to reference). The results are also very dif-
ferent between France and Germany. The higher
cost and CO2 content of German grid electricity pro-
motes the cogeneration operated with biogas, which
results in important economic and environmental
profits.
4. CONCLUSION
A methodology based on process integration tech-
niques has been applied to improve the energy effi-
ciency of a brewery.
The definition and the modeling of the identified
process units allows the determination of the heat
recovery potential between process streams using
Pinch Analysis. The analysis of the process com-
posite curves enables a first identification of the util-
ities that can be used to fulfill the determined Mini-
mum Energy Requirements.
??????????????????????????????? ????????????????????????
??????????????? ?????????
A multi-objective optimization method is applied
to define the best utility setup and the correspond-
ing operating conditions that minimize the operat-
ing and investment costs. It has been shown that
integrating combined heat and power system to-
gether with heat pumps can be profitable from both
an economic and an environmental point of view.
A special focus is made on the dependance on the
electricity cost and production mix. The compari-
son between France and Germany is presented: the
contrasted electricity economic and environmental
costs with respect to gas result in a solution promot-
ing heat pumps in France whereas in Germany co-
generation systems prove more profitable.
The opportunity of recovering energy from brew-
ery organic waste through bio-methanation has been
studied. A quantitative analysis shows that the pro-
duction and use of biogas on site leads to a drastic
reduction in the total costs for both cases. However,
the reduction in CHP system operating cost is not
sufficient to substitute heat pumps by cogeneration
if the brewery studied was located in France.
The energy requirements of the brewery are eval-
uated considering a continuous process function-
ing, which limits the accuracy of the results pre-
sented. Indeed, the identified units may not oper-
ate simultaneously, hence the interest of performing
a multi-period analysis, which would require addi-
tional information on instantaneous material flows.
The quantitative results presented are specific to the
brewery studied and it is important to keep in mind
that any process has singularities that can hardly
be transposed into another case study, without prior
verification.
Nomenclature
COP Coefficient Of Performance [-]
Q˙th Heat Load [kW]
LHV Lower Heating Value [MWh/kg]
M Mass[kg]
MVR Mechanical Vapor Recompression
vCH4 Methane Content of Brewery Waste [m3/kg]
MER Minimum Energy Requirement [kW]
M˜ Molar Mass [kg/kmol]
v˜ Molar Volume of Perfect Gases [m3/kmol]
NIPU Non Identified Process Unit
PUO Process Unit Operation
T Temperature [K]
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In this work the possibility and conditions for the inclusion of a system of separation and retention of CO2 from flue
gas (CCS) to existing lignite-fired steam power stations of the Greek energy system is investigated. An exergy and
economic analysis is performed. The results show that it is possible to add a system to capture CO2 from flue gas
using absorption with monoethanolamine (MEA). The case considered is the absorption of 90% carbon dioxide from
the exhaust gases. The paper focuses on the impact of the inclusion of CCS in the power plant and the performance
and emissions from the plant. The addition of this system reduces the emissions of carbon dioxide to the
atmosphere, but increases the specific production of CO2/kWh. It also causes a substantial reduction in net exergy
efficiency of the power plant, reduces electricity production and increases costs. As regards to the economics, the
feasibility of CCS assembly depends on the price of CO2 emissions in the global market. It certainly must not be
forgotten that there is a drastic reduction in carbon dioxide with the addition of the CCS unit. However, the benefits
coming from this action are offset by the increase in fuel consumption. Also, the storage technologies available, raise
questions about their reliability over time, in other words, the time horizon for safe storage of carbon dioxide without
ultimately getting back to the atmosphere. It is concluded that the technologies to capture the CO2, as the one
considered in this work, and others developed so far, are not attractive and valuable solution to reduce greenhouse
gas emissions and to achieve the environmental goals set by international agreements.
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Tech-economical analysis of waste heat recovery and 
utilization at Ruukki metals, Raahe Steelworks 
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Abstract:  Steel industry is one of energy-intensive industries. Recovery and utilization of waste heat is 
important for reduction of energy consumption in the steel industry. Waste heat occurs in every plant of 
iron and steel works in the form of gases, liquid and solid. In this work, the waste heat considered is the 
flue gases from various process units. The studied steel works is Raahe steelworks (Ruukki), which is 
a fully integrated steel plant. The major process units to generate flue gases at Ruukki are batteries at 
coking plant, cowper at iron making plant and heat furnaces at the rolling mill. The flue gas 
temperatures are in the range of 230 ~ 550 °C, and the flow rates are in the range of 25000 ~ 127000 
Nm3/hour at each stack. The potential thermal energy recovered at each unit is calculated. Organic 
Rankine Cycle (ORC) technique has been applied for electricity generation from the recovered waste 
heat. Some economical parameters such as net present value (NPV), Internal return rate (IRR) and 
pay-back time are presented to show projects’ economical feasibility. Sensitivity analysis of some key 
influence factors, such as equipment cost, electricity price and discount rate, etc. has been made. 
Furthermore, a concept of optimized use of waste heat from an integrated point of view has been 
studied, in which the power plant is also covered. Analysis and discussions on how to utilize waste 
heat to produce steam or electricity towards a more economical solution are presented. 
Keywords:  Waste heat recovery, Organic Rankine Cycle (ORC), Steelworks. 
1. Introduction 
Waste heat occurs in every plant of iron and steel 
works. The reuse of waste heat is important for the 
steel industry to reduce CO2 emission and energy 
consumption. Furthermore, it can help reduce 
thermal pollution to the air and water body. 
Therefore, to recover and reuse the waste heat 
within the steel industry is an interesting research 
topic. 
Waste heat exists in many forms, for instance, flue 
gas from furnaces, hot/cooling water in the heating 
system, hot slag from BF and BOF, radiation and 
convection from hot slabs. The presented paper is 
focusing on the recovery and reuse of waste heat 
from the flue gases at different process units in an 
integrated steel plant.   
There are many ways of using the waste heat 
sources to produce useful products, such as 
electricity, process steam and hot water. Recent 
years, more attentions have been paid on using 
Organic Rankine cycle (ORC) technique to 
recover waste heat from flue gas for electricity 
production. The ORC unit is based on a closed 
Rankine cycle performed adopting a suitable 
organic fluid as working fluid. Conventional steam 
power cycles cannot give a better performance to 
recover low grade waste heat. There are several 
advantages in using an ORC to recover low grade 
waste heat, including economical utilization of 
energy resources, smaller systems and reduced 
emissions of CO, CO2, NOx and other atmospheric 
pollutants. The main advantage of the ORC is its 
superior performance in recovering waste heat 
with a low temperature.  
The ORC is not a new concept, and it has been 
investigated a lot for power generation the last 
decade [1, 2]. Thermodynamic analysis of the 
ORC has been presented in many studies, for 
instance, by Wei et al. [3]. The selection of the 
proper working fluids from the many different 
working fluids plays a significant role for the use 
of ORC process to recover a given waste heat, and 
is determined by the application and the waste heat 
level. The examples of working fluids and their 
thermo physical properties can be found in [2, 4-
5]. The important parameters are for example 
critical temperature, boiling temperature, critical 
pressure and vapour pressure. Unlike water, most 
organic fluids suffer chemical decomposition and 
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deterioration at high temperatures and pressures. 
Therefore, an ORC system must be operated well 
below the temperature and pressure at which the 
fluids are chemically unstable. Most organic fluids 
have relatively low critical pressures and are 
therefore usually operated under low pressures and 
with much smaller heat capacities than water-
vapor cycles.  
ORC technique has been used for electricity 
production in some industries. For example, it has 
been applied to biomass combustion biomass CHP 
[6-8], geothermal plants [9-10] and cement 
industry [11-12]. However, according to authors’ 
knowledge, the ORC application to the steel 
industry has not been reported yet.  
In this paper, ORC technology is used to generate 
electricity by recovering waste heat from flue 
gases streams in a fully integrated steel plant. In 
addition, the other way to reuse the waste heat 
within the plant is also presented for comparison.  
2. An overview of flue gases at 
Ruukki metals and their potential 
utilization 
Raahe steelworks is a fully integrated steel plant 
including production units for coke, sinter, burnt 
lime, oxygen, electricity, hot metal, steel and final 
products of steel plates and coils. Annual crude 
steel production is about 2.8 Million tons. 
The main flue gas sources at Ruukki metals are 
from batteries at the coking plant, cowper stoves at 
the blast furnaces and preheating furnaces at strip 
mill and plant mill. Table 1 shows the stack 
number in each process unit, the distance between 
each stack and the available cooling sources. 
 
Table 1. Stack and cooling water information at 
different process units. 
 Stack 
number 
Stack 
distance 
Cooling 
water 
Coking 
plant 
2 150 m Sea water 
Cowper 2 100 m Sea water 
Plate mill 4 40 m Lake water 
or air 
Strip mill 2 50 m Lake water 
or air 
 
Table 2 shows the fuel types used in each process 
unit. Basically three types of fuel are in use, i.e. 
coke oven gas (COG), blast furnace gas (BFG) and 
liquefied petroleum gas (LPG). COG and BFG are 
generated on site from coking plant and blast 
furnace as by-products in form of process gases. 
Table 2. Fuel used in different process units  
Process unit 
Fuel used 
COG BFG LPG 
Coking plant 1 ? ?  
Coking plant 2 ?   
Cowper 1  ?  
Cowper 2  ?  
Plate mill 1 ?   
Plate mill 2 ?   
Strip mill 1 ?  ? 
Strip mill 2 ?  ? 
 
As shown in Table 3, the flue gas flow rate is high 
in preheating furnaces at strip mill which 
corresponds to preheating furnaces. Meanwhile, 
the flow rate is low in preheating furnaces at the 
plate mills. The flue gas temperatures are in rang 
of 250 – 550 °C. Table 3 also shows the heat 
capacity, Cp value. The chemical composition of 
the flue gas from each process unit is presented in 
Table 4.  
 
Table 3. Flow rate, temperature and the specific 
heat of flue gases. 
Process unit 
Flow rate Temp. Cp 
Nm3/h °C kJ/Kg·K 
Coking plant 1 109222 250 1.053 
Coking plant 2 114749 230 1.100 
Cowper 1 109991 320 1.090 
Cowper 2 127723 320 1.089 
Plate mill 1 28305 550 1.186 
Plate mill 2 24903 550 1.175 
Strip mill 1 73414 450 1.151 
Strip mill 2 73414 370 1.151 
 
In this paper, case studies of waste heat recovery 
and reuse are performed for cowper and preheating 
furnaces at the strip mill due to high amount of 
sensible heat in these two cases. 
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Table 4. Chemical composition of flue gases. 
H2 CO CO2 N2 O2 H2O Others
Coking plant 1 0.0 0.0 17.0 66.2 8.6 8.1 0.0
Coking plant 2 0.0 0.0 4.3 73.0 9.6 13.1 0.0
Cowper 1 0.0 0.0 27.8 65.1 0.7 6.4 0.0
Cowper 2 0.0 0.0 27.6 65.2 0.7 6.5 0.0
Plate mill 1 0.0 0.0 7.7 69.2 0.7 22.3 0.1
Plate mill 2 0 0 7.7 69.2 0.7 22.3 0.1
Strip mill 1 0.0 0.0 8.9 70.3 0.7 20.0 0.1
Strip mill 2 0.0 0.0 8.9 70.3 0.7 20.0 0.1
Exhaust gas composition, %
Process units
 
2.1. Electricity production from flue gas by 
use of ORC technique 
The distance between two stacks at the cowper 
plant is 100 meters. As shown in Fig. 1, two heat 
exchangers are planned for installation, one for 
each stack, to recover the sensible heat from the 
flue gases. The hot source after the heat exchanger 
is slightly pressurized water at 190 °C. The hot 
source is connected to one ORC unit for electricity 
production. 
 
Fig1. Process layout of ORC solution for cowpers. 
The thermal power recovered from flue gas in 
Cowpers is shown in Table 5. 
Table 5. Heat recovery from Cowpers. 
 Cowper 1 Cowper 2 
Inlet Temperature, °C 320 320 
Outlet Temperature, °C 160 160 
Recovered Thermal 
power, MW 
7.329 8.504 
 
As shown in Fig. 2 for the strip mill, for taking 
advantage of the higher temperature level of the 
strip mill, the ORC is fed by thermal oil. Two heat 
exchangers are installed (one for each stack at the 
strip mill) to recover waste heat through the 
thermal oil.   
 
Fig. 2. Process layout of ORC solution for the strip 
mill. 
As shown in Table 6, 15.15 MW thermal power 
will be recovered from the flue gas in the strip 
mill.  
Table 6. Heat recovery from the strip mill. 
 Strip mill 
No. 1 
Strip mill 
No.2 
Inlet Temperature, 
°C 
450 370 
Outlet Temperature, 
°C 
150 150 
Recovered Thermal 
power, MW 
8.777 6.373 
  
Table 7 shows a summary of main technical and 
economical parameters at strip mill and cowper by 
using of ORC technology. As shown in the table, 
the net electricity output for the strip mill and 
cowper are 3.05 MW and 2.70 MW, respectively.  
Table 7. Tech- economical data for ORC solution. 
 Strip mill Cowper 
ORC investment, Million € 3.73 3.55 
Thermal oil investment 3.20  
Hot water investment  3.45 
Total equipment cost, 
Million € 
6.93 7 
Other cost, Million € 0.373  0.355 
Total investment, Million € 7.303  7.355 
Operation cost, Million € 
per year 
0.1 0.1 
Operating hours 7148 8519 
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Overall thermal power, 
MW 
15.15 15.83 
Gross electric output, MW 3.55 3.19 
Net electric output, MW 3.05 2.70 
Annual utilized heat 
energy, MWh 
108000 134600 
Annual electric output, 
MWh 
21800 23000 
Gross efficiency, % 23.4 20.2 
Net efficiency, % 20.2 17.1 
 
2.2. Steam production from flue gas 
 
The power plant at Ruukki metals produces 
electricity, which is used within the steelworks. 
The electricity is generated from the steam 
turbines. The high pressure steam (82 bar) is 
provided from the coking plant and from two 
steam boilers in the power plant, as shown in 
Fig.3. Except for the electricity production, some 
amounts of low pressure steam is tapped out for 
the process use, for example steam extraction from 
82 bar to 30 bar (80/30), 80/10 bar. Some other 
process steam (8 bar and 4 bar) are also needed 
and taken from the steam tapping. However, less 
electricity will be generated when process steam is 
tapped from high pressure steam or from lower 
pressure tapping. Other ways to increase the 
electricity production are to generate the process 
steam in separate boilers to reduce steam tapping.   
As shown in Fig. 3, there are three turbines of 
condensing type at the power plant. TG 65 is 
producing 65 MWel and it has many tapping 
points. TG 21 is an older turbine which produces 
21 MWel. The third one, TP01, is used to drive 
blower for blast furnaces representing 10 MWel 
and does not have any tappings. Each turbine has 
its own condenser.  
The recovered waste heat from the flue gas can be 
used to run boilers for steam production. For the 
strip mill case, the thermal oil solution or steam 
boiler can be used to generate 26 bar steam. 
100,000 MWh steam flow in 26 bar is taken from 
early planning in the plant. This steam is used to 
substitute 50% 30 bar and 10 bar, as well as 50% 8 
bar tapped process steam.  
 
 
 
 
Fig. 3. Overviews of  steam turbine process at the 
power plant.  
All steam used in 30 bar and in 10 bar has taken 
from direct reduction. 30 bar steam can be reduced 
to 26 bar, therefore, we can substitute 30 and 10 
bar steam by using 26 bar steam generated from 
the strip mill. As shown in Fig. 3, steam from 
tappings in 30 and 20 bar are going into 8 bar 
steam net.  
Changing factors is used to calculate how much 
electricity could be generated from the untapped 
process steam. Fig. 4 illustrates the correlation 
between steam tapping and electricity production 
in the turbine process. The pressure on curve 
means pressures inside turbine, as shown in Fig.4. 
For 30 bar and 10 bar steam which is directly 
reduced from 80 bar steam, a factor of 3 is used. 
This factor means that 3MW thermal steam (82 
bar) will not go through the turbine for electricity 
production, which can generate 1 MW electricity. 
As for 8 bar steam taken 30 bar and from 20 bar 
tapping, an average factor of 3.75 is adopted. 
Therefore, factor for utilizing 26 bar steam from 
mill plant will be calculated as (3 + 3.75)/2 = 3. 
375. This factor used in this work, which 
corresponds to gross efficiency of 29.6%. By 
calculation, 3.45 MW gross power output will be 
achieved. For the 26 bar steam system, the 
additional electricity is needed for feed water 
pumping and flue gas funs in the strip mill. By 
estimation, the net output will be 3.3 MW if 4-5% 
electricity consumption is assumed.  
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Fig. 4. The ratio of thermal energy and electricity from 
the steam turbine process.   
 
As for the cowper plant, the other option is to 
produce 190 °C water (same as for ORC process) 
by installing heat exchangers at the cowper plant 
to recover the waste heat from the flue gas. This 
hot water can be used to substitute preheating of 
feed water to mill plant, coking plant and feed 
water tank. At the moment, the feed water in these 
two units is preheated to 80-100°C by hot water 
from a feed water tank, which is heated by other 
tapped process steams in temperature to 150°C. 
For this solution, the flue gas temperature is 
assumed to be lowed down to 120 °C from 320 °C. 
By calculation, 20 MW of hot water (190 °C) will 
be produced. This amount of hot water is assumed 
to feed into the power plant to avoid tapping out 4 
bar steam from the turbine. The gross electricity 
output will be 3.33 MW when changing factor of 6 
is used. The net electricity is assumed to be 3.2 
MW. 
As shown in Table 8, the additional net power 
output from the strip mill and cowper using the 
steam turbine solution are 3.3 MW and 3.2 MW, 
respectively. A high investment, 9 million Euro, is 
noticed for steam boiler in the strip mill. The 
thermal oil solution could make the investment 
lower.  
 
 
 
 
 
 
 
 
 
Table 8. Tech- economical data for the steam turbine 
solution.  
 Strip mill Cowper 
Hot water investment  3.5 
Steam (26 bar) production 9.0  
Total equipment cost, 
Million € 
9.0 3.5 
Other cost, Million € 0 0 
Total investment, Million € 9.0 3.5 
Operation cost, Million € 
per year 
0.1 0.1 
Operating hours 8485 8438 
Overall thermal power, 
MW 
15 20 
Gross electric output, MW 3.45 3.33 
Net electric output, MW 3.3 3.2 
Annual utilized heat 
energy, MWh 
100000 170000 
Annual electric output, 
MWh 
28000 27000 
Gross efficiency , % 29 16.5 
Net efficiency, % 28 16.0 
 
2.3. Economic parameters 
The following economic parameters have been 
considered to evaluate the project’s economical 
feasibility.  
Net present value (NPV) is a traditional valuation 
method used in the discounted cash flow 
measurement methodology. NPV is expressed by 
the value of difference between the present value 
of all in-flow cash and outflow cash. The value of 
NPV determines whether or not the project is 
profitable. Positive NPV values are an indicator of 
a potentially feasible project. 
The calculation of NPV can be expressed in 
Equation (1), 
0
1 )1(
C
r
NPV
T
t
t
Ct
−
+
=?
=
  (1) 
where,  
C0, initial investment including machinery, 
installation, employee training cost, etc. 
Ct, cash flow from year 1-t 
t, the time of the case flow 
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r, the discount rate (the rate of return that could be 
earned on an investment in the financial markets 
with similar risk). 
The internal rate of return (IRR) represents the 
true interest provided by the project over its year. 
It is the discount rate at which the NPV of a 
project equals to zero. If the project’s IRR is equal 
to or greater than the rate required by the investor, 
this project is likely to be considered acceptable, 
and vice versa. 
The pay-back time represents the length of time 
that it takes for the owner of a project to recoup 
the initial investment out of the generated project 
cash flow. It is the year in which the NPV of a 
project equals to zero, and can be easily obtained 
by reading the NPV vs. Year curve.  
3. Results 
This section presents the financial results of 
different solutions. The present economic analysis 
has been based on the following assumptions as 
shown in Table 9. 
Table  9. Input economic data.   
Discount rate, % 10 
Project lifetime, year 20 
Tariff, €/MWh 60 
 
3.1. ORC solution 
Fig. 5 presents NPV and IRR value for ORC 
solution at the strip mill and cowper. NPVs are 
positive for both strip mill and cowper indicating 
profitable results for ORC solution. This can also 
be shown from IRR values. IRR values for strip 
mill and cowper are 15.6% and 16.6%, 
repectively. They are greater than the rate required 
at Ruukki, i.e. 10%.  
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Fig. 5. NPV and IRR for ORC solution 
 
As shown in Fig. 6, the pay-back time for these 
two cases are 5.7 years and 6.0 years, respectively.  
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Fig. 6. Pay-back time for ORC solution 
3.2. Steam turbine solution 
As shown in Fig. 7, NPVs for the steam turbine 
solution at strip mill and cowper are 4.0 and 8.6 
million Euro, respectively.  
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Fig.7. NPV and IRR for steam turbine solution 
Fig. 8 indicates a pay-back time of 2.3 year for the 
cowper case and 5.7 year for the strip mill case.  
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Fig. 8. Pay-back time for steam turbine solution. 
 
All the economical parameters indicate that the 
steam turbine solution are enomically profitable.  
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4. Discussions  
The economic analysis performed in this work 
shows that all solutions to recovery and reuse the 
waste heat from the strip mill and cowper are 
economically profitable.  
In general, the project profitability is higher when 
utilizing the recovered waste heat to substitute 
process steam or hot water, which otherwise has to 
be tapped from the steam turbine in the power 
plant. Compared to the ORC solution, more 
electricity will be generated from the steam turbine 
solution. However, the approaches are not the 
same for these two cases. For the strip mill case, a 
higher efficiency in the steam turbine solution 
leads to a more profitable situation than ORC 
solution. As for the cowper case, a lower 
investment for the steam turbine solution makes a 
better profitability than the ORC solution. 
The ORC solution could be chosen when the 
recovered heat could not be used to substitute 
some process related heat.  However, a relative 
long pay-back time is expected.  
The project’s profitability is sensitive to some 
economic parameters, such as tariff, investment 
and discount rate. Fig. 9 illustrates that NPV 
increases with increasing electricity price. 
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Fig.  9. Tariff relative change vs. NPV  
 
The influence of investment change on NPV is 
shown in Figure 10.  It shows a decreasing 
tendency of NPV with increased investment. 
Compared Figure 9 with Figure 10, it is found out 
that tariff is more sensitive than investment.  
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Fig. 10. Investment relative vs. NPV 
To illustrate the uncertainties of discount rate’s 
influence on NPV, Figure 11 shows that a low 
discount rate will lead to a relative high NPV, and 
vice versa.  
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Fig. 11. Discount rate vs. NPV 
5. Conclusions 
Waste heat recovery and utilization from flue 
gases in selected process units were studied. Two 
different utilization approaches have been 
considered and compared, i.e. to produce 
electricity by using ORC technique and to 
substitute process steam or hot water in the power 
plant.   
The economic analysis performed in this paper 
shows that all technical options considered are 
economically feasible. The comparisons indicate 
that it is more profitable to utilize the recovered 
waste heat to substitute process steam and hot 
water instead of generating electricity directly 
from ORC units.  
We can conclude that it is better to apply a site-
oriented approach for waste heat recovery and 
reuse in order to achieve a maximum profitability.  
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Enhanced Training on Marine Gas Turbine Degradation Effects  
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Abstract:  This paper focuses on the degradation effects on marine gas turbine engines and is introducing the aspect of 
enhanced training in the field of performance monitoring and diagnostics via fault simulation. A particular performance 
model, TEACHES, built for on board training purposes in the frame of Virtual Lab, is employed to demonstrate the effects 
of typical faults on the operation and performance of a specific marine engine of interest. The model allows the 
presentation of basic rules of gas turbine engine behavior and enables users to indulge in different aspects of its 
operation using a graphics user interface. The faults can be easily introduced into different engine components and their 
impact on engine performance can be studied and evaluated allowing the derivation of faults signatures on monitoring 
parameters. A literature review was materialized in order to simulate the degradation effects on each component 
accurately.  
Keywords:  Gas Turbine, Fouling, Erosion, Diagnosis, Simulation. 
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igure 1: Schematic representation of a three spool gas 
rbine and its components discrimination 
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2.2 Visual Interface  
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Figure 2: The layout of the basic screen of the engine 
performance simulation and diagnostics software 
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Figure 3: Engine modification factors characterizing engi
component condition. 
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Figure 4: Example of fault signature for main engi
parameters. 
3. Faults Representation  
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2 Compressor Erosion 
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3.3 Compressor Tip Clearance Increase 
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gure 5: Fault signatures for compressor faults at fault 
verity 100% and for constant TIT @different power settings. 
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Figure 6: Performance related quantities deviation in function 
of fault severity for compressor faults and constant TIT 
(@Load 100%). 
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Figure 7: Fault signatures for GG Turbine faults at fault 
severity 100% and for constant TIT @different power settings. 
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Figure 8: Performance related quantities deviation in functi
of fault severity for GG Turbine faults and constant T
(@Load 100%). 
Figure 9: Fault signatures for Power Turbine faults at fa
severity 100% and for constant TIT @different power setting
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gure 10: Performance related quantities deviation in 
nction of fault severity for Power Turbine faults and 
nstant TIT (@Load 100%). 
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wer settings. 
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 Thermodynamic Analysis of a Post Combustion CO2 
Capture Process 
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Abstract: A chemical absorption, post-combustion CO2 capture unit is simulated and an exergy 
analysis was conducted, including irreversibity calculations for all process units. With pinpointing major 
irreversibilities, new proposals for efficient energy integrated chemical absorption process were 
suggested. Moving further to the whole natural gas combined cycle plant with a CO2 capture unit, it has 
been analyzed on an exergetic basis. By defining exergy balances and black-box models for plant 
components, investigation has been made to determine effect of each component on overall exergy 
efficiency. Simulation of chemical absorption plant was done using UniSim Design software with Amine 
Property Package which maintains thermodynamic data. For overall power plant design, GT PRO 
software (Thermoflow, Inc.) was used for simulation of a natural gas combined cycle. For exergy 
calculations, spreadsheets were created with Microsoft Excel by importing data from UniSim and GT 
PRO. By pinpointing major irreversibilities, new proposal for energy-efficient integrated chemical 
absorption process is suggested. Results show that for current chemical absorption plant, the exergetic 
efficiency compared to the reversible separation work lies between 15% and 22%. 
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1.Introduction 
For a natural gas-capture from flue gases, using 
chemical absorption with aqueous 
monoethanolamine (MEA) is one of the most near-
term technologies.  
Flue gas containing CO2 is flowing through 
absorber while contacting with MEA solvent 
counter-currently. Meanwhile reaction is 
happening between MEA solvent and CO2 forming 
a water soluble salt. A rich MEA stream which 
contains the chemically bound CO2, preheated in a 
heat exchanger is entered to a stripper column to 
reverse the reaction by means of heat maintained 
by a reboiler and lose CO2 content as a stream 
leaving at the top of the column. The lean MEA is 
recycled back to the absorption column while the 
CO2 stream is going to compression section.  
Although it is a well-established separation 
method, the energy consumption and the costs of 
CO2 separation are substantially high and lead to 
consumption of more fossil fuel for the same 
power generation. In order to increase the energy 
efficiency and prevent forced extra costs and 
energy consumption, it is beneficial to optimize 
the process and evaluate the performance of the 
whole system by means of exergy analysis which 
identifies the energy consumption, potential 
improvements and thermodynamic 
irreversibilities. It should be noted that although 
the nature of exergy losses in power plants 
specially combustion chambers are higher than 
those of post combustion CO2 capture plant, but 
because the capture plants are add-ons to existing 
power plants and their design and set-up is still 
under investigation and development, energy and 
exergy analysis, shows more potential of energetic 
and exergetic improvement in these processes. 
 
2. Exergy analysis 
The exergy method of evaluating energy-intensive 
systems integrates the first and second laws of 
thermodynamics at the state of particular 
environmental conditions. Exergy analysis with its 
own certain methods of process evaluation has 
proven to be an efficient method to define the 
second law efficiency of processes. It combines 
the principles of conservation of mass and 
conservation of energy together with the second 
law of thermodynamics to characterize the 
thermodynamic losses of each component of a 
??????????????????????????????? ????????????????????????
??????????????? ??????????
system through the whole design and it enables to 
make possible improvements of work and energy 
consumption. This is an advantageous method to 
approach the goal of more efficient energy-
resource use, since it specifies the locations, types, 
and real magnitudes of irreversibilities either to be 
recovered or inevitably lost.  
In absence of potential and kinetic energy, exergy 
of stream is divided into physical exergy and 
chemical exergy. Physical exergy equals to 
maximum amount of work obtainable when the 
stream of substance is brought from its actual state 
to the environmental state defined by P0 and T0 [4] 
by physical processes involving only thermal 
interaction with the environment. It is depicted as: 
 
0 0 0( ) ( )ph h h T s s? ? ? ? ?            (1) 
 
Where h and s are the specific enthalpy and 
entropy and 0 0 0( , )h h T P?  and  0 0 0( , )s s T P?  for 
the flowing matter. 
The chemical exergy of a substance is the 
minimum work requirement to deliver it in the 
environmental state from the environmental 
substances by means of processes involving heat 
transfer and exchange of substances only with the 
environment. There are tables of calculated 
standard chemical exergy of various substances in 
literature [1]. Molar chemical exergy of an ideal 
mixture is expressed as 
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Figure 1: Flow sheet 
of CO2 capture and 
compression units 
designed by UniSim 
Design 
 
 
 
 
 
 
 
Exergy loss of each individual unit can be 
calculated by finding the difference between the 
exergy of input and output streams of a unit 
operation. To pinpoint irreversible losses in each 
unit operation, the exergy balance for steady state 
steady flow is used;  
0(1 )j j l k k
in l outl
Tm Q m W I
T
? ?? ? ? ? ?? ? ?? ? ?? ?     (3) 
Flow exergy    Heat exchange      Flow exergy   Work    Irreversibility  
into system                                    out of system          
 
Exergy analysis can be done when composition 
and thermodynamic properties of all streams 
involving in capture process are available. For this 
purpose, a simulation software model is used to 
simulate the whole CO2 capture process. By 
transferring stream physical properties and 
compositions to excel spreadsheets, exergy 
calculations are performed and reported.  
To calculate the chemical exergy of each stream 
containing MEA component there is a need of 
chemical exergy of the MEA molecule in the 
liquid phase. The value which is used in these 
calculations is not found directly from literature 
but estimated. The value is 1.274 · 106 kJ/kmol. 
 
3. Methodology 
In the analysis, the mass, energy and exergy 
balances were applied to each unit (valve, pump, 
heat exchanger, etc.) of the plant.  For presentation 
purposes, the plant was subdivided into sections 
comprising one or more units. These sections were 
the gas turbine, heat recovery steam generator 
(HRSG), steam turbine and condenser, CO2 
absorption column, main heat exchanger of CO2 
capture plant, stripping section, compression 
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section. The irreversibility of a section was the 
sum of the irreversibilities of the contained units. 
Chemical and physical exergy of all streams was 
functioned in excel spreadsheets. Furthermore, 
exergy analysis calculations for the designed 
power plant were derived from GTPro 
Thermoflow software calculation which will be 
depicted later. The reference environment is the 
local environment of the place where the natural 
gas fired power plant is located which it is 
assumed in here with ambient temperature T0= 
298.15 K and pressure P0=101.325 kPa. 
As mentioned before, this study is limited to the 
analysis of the physical exergy and chemical 
exergy. Other forms of exergy as kinetic and 
potential are insignificant in these processes so 
they are ignored. The degradation and 
consumption of the MEA solvent was neglected in 
CO2 capture unit.  
4. Base case model 
As a base case, the CO2 separation with MEA 
absorption model shown in Figure 1 is designed 
according to the capture rate that is set to 90.5%.  
This capture rate for the base case was attained by 
MEA weight percentage of 30 and solvent 
circulation rate of 2500 t/h and reboiler duty of 
5.12 · 108 kJ/h. Reboiler energy consumption is 
3.86 (MJ/kg of separated CO2) which is produced 
by the steam flow of 64.35 kg/s .Total mechanical 
work needed for the capture and compression unit 
is mentioned in Table 1. CO2 compression was 
done in 3 stages with adiabatic efficiencies of 
85%, 85% and 80% respectively with intermediate 
cooling after each stage. A pump further raised the 
pressure from 79.7 bara to 110 bara. The pump 
adiabatic efficiency was set to 75%. 
 
Table 1: Total mechanical work demand for post 
combustion CO2 capture plant 
 
 
 
 
 
 
Table 2: Power plant summary 
 
 
 
 
 
 
The virtual power plant that is connected to the 
CO2 capture process provides mechanical work to 
cover the demand of the CO2 capture unit as well 
as the steam demand of the regeneration reboiler. 
A complete schema of the designed combined 
cycle power plant is shown in Figure 2 with key 
stream information. The plant key data are shown 
in Table 2.  
 
Figure 2: Flowsheet of the designed power plant 
 Power 
Output MW 
Elect. Eff. 
LHV% 
 gross net gross net 
Gas Turbine 282.7  39.22  
Steam 92.7    
Plant Total 375.4 368.2 52.08 51.09 
Work demand MJ/kg CO2 separated 
Power production penalty 0.89 
compression work 0.29 
Auxiliary power 0.16 
Total  1.34 
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The fuel was considered as natural gas without 
H2S with 722087 kW thermal as lower heating 
value and flow of stack gas is 686.4 kg/s with 
molar composition of 3.82% CO2, 12.54% O2, 
8.24 % H2O, 75.4% N2 and temperature of 412.5 
K which is going to be cooled in capture unit. 
 
5. Results 
 
5.1 Natural gas fired power plant 
The results of exergy calculation for specified 
natural gas fired power plant designed by GTPro 
Thermoflow software are shown in Table 3. 
 
Table 3: Plant exergy analysis 
 kW MJ/kg CO2 
separated  
Exergy In  739008 19.96 
 Fuel exergy  727460 19.65 
 Ambient air exergy  0 0,00 
 Condenser cooling water in  6359 0.17 
 Process condensate return  5072 0.14 
 Makeup water  1.633 0.00 
Exergy Out  435668 11.77 
 Net electric output  368193 9.94 
 Process steam exergy  45870 1.24 
 Condenser cooling water out  1391.5 0.04 
 Stack gas exergy  20214 0.55 
Exergy Loss  303340 8.19 
 GT exergy loss  255216 6.89 
 HRSG exergy loss  22140 0.60 
 Steam turbine exergy loss  10584 0.29 
 Condenser exergy loss  5960 0.16 
 Non-heat balance related 
auxiliaries  
2616 
0.07 
 Transformer loss  1876.9 0.05 
 Miscellaneous exergy loss*  2369.9 0.06 
 Unaccounted exergy loss**  2577.6 0.07 
* Includes piping loss, ST leakage to external sink, fuel 
compressor loss, condensate pump loss  
** Includes losses from desuperheating, mixing, and 
throttling, small water streams, misc. aux. and heat rejection  
 
5.2 Base case CO2 capture plant  
In Table 4, physical stream characteristics and 
relevant calculated exergy which is used to find 
irreversibility amounts according to exergy 
balance formula are shown. It should be noted here 
that for simulation of streams containing amine 
component, UniSim Design software [3] 
developed a specific property package which 
predicts behavior of systems containing MEA 
solvent. For simulation of other streams Peng-
Robinson equation of state is used. 
 
Table 4: Themodynamical data and exergy of streams 
for the base case model 
 
Stream  
Temperature   
(°C) 
Pressure    
(kPa) 
Mass Flow  
 (kg/s) 
Exergy 
(MJ/kg 
CO2 
separated)
  
1 24.66 11000.00 37 0.67 
CO2 to 
compression 28.00 167.20 37.3 0.486 
2 43 101.30 686.4 0.6 
Inlet abs 49.6 107.30 686.4 0.49 
Flue gas 139.4 101.30 686.4 1 
To water 
scrubbing 52 101.30 663.1 0.61 
3 100.3 172.4 70.22 0.89 
4 119.1 186.20 710.5 129.1 
5 55.5 146.20 710.5 126.1 
Lean Amine Out 119.5 186.20 809 143.2 
Steam 177 400.00 64.35 2.4 
Condensate 143 392.00 64.35 1.3 
Lean Amine in 39.5 107.00 680.4 126.9 
Rich Amine Out 46 106.30 748 125.9 
Rich Amine  110.5 106.30 748 128.7 
 
5.3 Improved model 
Observing the exergy amounts of streams and 
process sections irreversibilities, a new model - 
see Figure 2- with lower energy consumption and 
irreversibility is investigated. The first 
configuration change is to split the Rich Amine 
stream which carries mainly the absorbed CO2 and 
MEA amine and integrating those split streams 
with two streams returning from stripper; the first 
stream is Lean Amine which is also in the base 
case model, but the second stream is Semi-Lean 
stream which is a liquid side stream taken from the 
stripper. The concept behind these modifications is 
to divide the driving force along the stripper into 
smaller segments which makes the separation 
processes closer to its reversible situation and 
decreases the irreversibilities. The largest portion 
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of Rich Amine stream coming out of absorber is 
still passing through the Rich/Lean heat exchanger 
1 while its smaller portion is heated through 
Rich/Lean heat exchanger 2 with the Semi-Lean 
stream that is taken from the stripper column and 
recycled back to the absorber. With these new 
changes, there is a chance of approaching exergy 
recovery and decreasing irreversibility amount of 
the whole system. 
 
Table 6: Themodynamical data and exergy of streams 
for new process configuration of CO2 capture unit
 Table 5: Total mechanical work demand for new 
process configuration of CO2 capture unit 
 
The CO2 capture rate for this modified model 
which is shown in Figure 3 is 90.3% and the new 
reboiler duty is 5.1 · 108 kJ/h which is less than 
base case model. Reboiler energy consumption is 
3.83 (MJ/kg of separated CO2) which is produced 
by the steam flow of 63.71 kg/s .Total mechanical 
work needed for the capture and compression unit 
is given in Table 5.  
 
 
 
Figure 3: Flow sheet of new configuration for CO2 
capture and compression units  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Work demand MJ/kg CO2 separated 
Power production penalty 0.88 
compression work 0.29 
Auxiliary power 0.17 
Total  1.34 
Stream  
Temperature   
(°C) 
Pressure    
(kPa) 
Mass Flow 
 (kg/s) 
Exergy 
(MJ/kg CO2
separated)  
1 24.88 11000.00 37 0.675 
CO2 
 to compression 28 167.20 37.3 0.49 
2 43 101.30 686.4 0.6 
Inlet abs 49.6 107.30 686.4 0.49 
Flue gas 139.4 101.30 686.4 1 
To water 
scrubbing 51.7 101.30 662.5 0.6 
3 100.1 172.4 70 0.9 
4 118.5 186.20 714.6 129.2 
5 56.2 146.20 714.3 126.1 
Lean Amine Out 118.6 186.20 809 143.1 
Steam 176.9 400.00 63.7 2.37 
Condensate 143 392.00 63.7 1.26 
Lean Amine in 39.4 107.00 723.8 127.4 
Rich Amine Out 50 106.30 881 148.3 
Semi- Lean 114.5 184.1 130 22 
RA 1 110.1 610 766.3 128.4 
RA 2 114.4 650 136.6 23.6 
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Table 7: Irreversibilities by process sections 
Irreversibility [MJ/kg CO2] 
Base case  New 
design   
Flue gas cooler 0.48 0.48 
Blower 0.04 0.04 
Absorption section 0.61 0.64 
Rich /lean  heat exchanger 1 0.01 0.0 
Rich /lean  heat exchanger 2 - 0.01 
Stripping section 0.59 0.51 
compression section 0.12 0.12 
Total  1.85 1.80 
 
5. Discussion 
 
As the exergy calculation results show- Tables 6 
and 7- the magnitude of irreversibilities which is 
currently happening in the absorption and 
stripping sections, motivates the design of similar 
process with configuration changes, which is 
mainly stream splitting and recycling of the 
streams. By taking out a side stream from stripper 
and recycling it through a heat exchanger to the 
absorber, the stream is taking out a considerable 
amount of irreversibility from stripper; but since 
this side stream is cooled before absorber, it 
affects the absorber irreversibilities less. 
Additionally, in the improved model, by splitting 
the feed stream before the absorber and feeding 
them into different trays, the driving forces are 
distributed more evenly along the column height 
which results in lower irreversibility. Furthermore, 
reboiler duty is decreased which will show its 
deduction in the stripper irreversibility amount.  
More to add is since flue gas temperature entering 
chemical absorption plant is fairly the same in 
both models, the irreversibilities of flue gas cooler 
and blower for both of cases are equal.  
Finally, from efficiency point of view, power plant 
with the modified model for CO2 capture has 
slightly higher net electrical efficiency i.e 51.14% 
comparing to the power plant with base case 
model i.e. 51.09%. Since the steam demand in the 
reboiler in the improved model is decreased 
comparing to the reboiler duty of the base case, 
power plant’s steam turbine has higher power 
output (93MW) and electrical efficiency (LHV%) 
increases. It should be mentioned that power plant 
efficiency (LHV%) without CO2 capture is 
56.34%  that is higher than the efficiency of power 
plants with CO2 capture . 
 
6. Concluding remarks 
 
Although the exergy loss in CO2 capture and 
compression units are rather small comparing to 
those lost in Gas turbine, HRSG and steam 
turbine, there are points of potential improvements 
in CO2 capture process. By process configuration 
changes and decreasing regeneration duty, 
improved CO2 capture process with lower heat 
consumption and less irreversibility amount was 
designed. 
Minimum reversible separation work for the flue 
gas stream coming to the CO2 capture plant is 
0.247 MJ/kgCO2. When looking to the actual work 
demand Tables 1&5, it was calculated that for base 
case chemical absorption plant exergy efficiency 
was 18.36% and the modified case gave exergy 
efficiency of 18.37%.  
Current study -as in Table 7- shows that by 
splitting the out-coming streams from the absorber 
and encountering them to various lean MEA 
recycles from the stripper, the irreversibility 
amounts through stripper decreases sensibly. Use 
of other solvents with lower binding energy is 
suggested to decrease the exergy loss of reboiler 
section. In order to minimize the exergy loss, it is 
important to have uniform exergy degradation 
along equipments, which can be an optimization 
idea for the regeneration column, flasher and 
reboiler. Furthermore in order to divide exergy 
losses through the absorption column and stripping 
column, process configuration changes such as 
stream splitting can be performed [5].  
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